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ABSTRACT
The hydraulic properties of salt marsh peat from two New
England salt marshes were measured and analyzed. Salt marsh peat
has been found to be both heterogeneous and anisotropic. Far from
the creek bank there appears to be a three zone hydraulic conductivity
structure with depth in peat which is underlain by sand. This struc-
ture is disturbed when clay lenses are present in the profile,
however. The hydraulic conductivity of the salt marsh peat analyzed
in this study is positively correlated with specific yield and
negatively correlated with density.
Subsurface flow within the peat at a site 15 m from the
creek in ~Great Sippewissett Marsh was investigated using both field
measurements and mathematical modeling. Tidal influence was found
to be very slight at this location, and the subsurface flow regime
was dominated by an upward flow of groundwater in response to
evapotranspiration. This subsurface regime may be typical of much
of the marsh, but does not describe conditions near the creek banks.
Sensitivity analyses show that hydraulic conductivity is the most
important peat property influencing subsurface flow in the marsh.
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I. Introduction
1.1 General Introduction
Full understanding of the biogeochemical functioning of
the salt marsh ecosystem depends in part on a complete description
of the hydrology. Salt marshes have evolved under a tidal regime
which causes the circulation of surface waters and influences the
flux of water through and across the boundaries of salt marsh peat.
The mechanisms by which the productivity of salt marshes is sustained
by the tidal effect are not presently understood. Many investi-
gations of salt marsh processes have concluded that tidally-induced
water movement is an important but, to date, unquantified factor
in the transport of dissolved nutrients, oxygen, particulate
matter, and toxic substances.
The salt marsh ecosystem is influenced by the following
four components: (i) high salinity tidal water, (ii) precipitation,
(iii) fresh- groundwater, and (iv) evapotranspiration. Water may
enter or leave the salt marsh sediments through creek banks,
through the interface between the peat and the underlying inorganic
material, or through the marsh surface. Gardner (1973) infers
three general regions of peat in a South Carolina salt marsh, based
on interstitial water chemistry. These include peat flushed
with tidal water, areas- where the interstitial water is stagnant,
and areas influenced by fresh groundwater.
The input of fresh groundwater is evident in a study
conducted by Lindberg and Harriss (1973) of salinity gradients
in a Florida salt marsh. They observed a decrease in the mean
interstitial salinities with depth and claim that the deep
salinities are controlled by fluctuations in the fresh groundwater
table beneath the marsh. Valiela et al. (1978) calculated a mean
of 2,828 ± 460 m3 per day of fresh groundwater entering Great
Sippewissett Salt Marsh from the dilution of salinity in water
leaving the marsh. Salinity and piezometric head measurements
made by Niedoroda and April (.1965) document an active seaward flow
of fresh water in sands underlying two Cape Cod marshes. Piezometric
head in this freshwater zone is influenced by tidal height. How-
ever, the manner in which this underlying freshwater exchanges with
the marsh-peat is not known.
Water may leave the system through the salt marsh surface
via evapotranspiration and/or seepage. The rate of evapotranspira-
tion can be estimated from the heat budget (e.g. Teal and Kanwisher,
1970) or from a water budget (e.g. Huff and Young, 1980). Typical
values are of the order several mm per day during the growing
season. Surface infiltration and exfiltration appear to be
generally very small (< 5mm/tidal cycle) in two New England salt
marshes ('Burke et al., in review).
Seepage at creek bank surfaces appears to be a variable
but possibly significant process in some marshes. This is suggested
by our own seepage meter data from two Massachusetts salt marshes
as well as by weir measurements made near low tide by Gale (1980).
However, the magnitudes observed suggest that this process is of
7
primary importance only near the tidal creeks.
1.2 Technical Background
Peats are organic soils- which develop through. the
deposition and accumulation of organic materials in layers. Know-
ledge of organic soil characteristics is necessary for determining
the hydrology of peatlands such as the salt marsh.
It is well known that peat has a great capacity for
taking up and holding water. This affinity for water is one of the
most important characteristics of the material and is partly
responsible for the wide variation in its: physical properties
(Boelter, 1964; Boelter and Blake, 1964; MacFarlane and Allen,
1963; Boelter and Verry, 1977).
All peat types generally contain greater than 80% water
by volume when saturated, indicating a high total porosity (Bay,
1965; Boelter and Verry, 1977). The nature of this porosity,
however, is different. Undecomposed peats contain large easily
drained pores that permit rapid movement of water. These peats
release 50 to 80% of their water to drainage and have hydraulic
conductivities as high as 4.0 x 10-2 cm/sec. Well decomposed
peats yield only 10 to 15% of their water to drainage, however.
Most of the water is retained in many small pores that are not
easily drained. Hydraulic conductivities of these peats are as low
as 7.0 x 10-6 cm/sec. (Boelter and Verry, 1977).
Peat properties: have been observed to vary greatly with
depth (Boelter and Verry, 1977). This may be attributed to two
processes. One is the decomposition of the organic material by
microbiological activity and the other is the phenomenon of
autocompaction (Kaye and Barghoorn, 1964).
In light of the peat properties mentioned above and
the highly compresible nature of organic soils it appears to be
quite possible that deformation of the peat is important in the
analysis of groundwater flow through salt marshes. Harrison (.1975)
has observed the peat mass to change volume ("breathe") during
the tidal cycle. In addition, because of its mode of formation
there is every reason to believe that peat is generally anisotropic,
having unequal horizontal and vertical hydraulic conductivities.
Desaturation is yet another complication in the study of salt
marsh hydrology since hydraulic conductivity is a function of the
degree of saturation (Bear, 1979).
1.3 Description of Study
While a great deal of literature does exist on the general
subject of groundwater flow, detailed information on the hydraulic
properties of salt marsh peat does not appear to exist. Models
which assume a homogeneous, isotropic peat as well as constant
volume and degree of saturation may not be valid. Clearly, any
investigation of salt marsh hydrology must rely heavily on new
field data. Chapter II is a description of a detailed subsurface
field study of two Massachusetts salt marshes. This study focuses
on the horizontal and vertical analyses of the hydraulic properties
of salt marsh peat including specific sampling and testing procedures.
Chapter III presents an example of how the measured hydraulic
properties of peat may be utilized to describe subsurface water
flow in the salt marsh ecosystem. It consists of the application of
a 1-dimensional flow model to a vertical column of salt marsh
peat in an attempt to determine the hydrologic response of the
column to a tidally driven piezometric head variation. In Chapter
IV conclusions are drawn from the preceding field and model studies
with some speculation about 2-dimensional subsurface water flow in
the salt marsh ecosystem, and an indication of future research needs.
II. Description of Field Study
2.1 Scope of Study
Detailed information on the hydraulic properties of salt
marsh peat does not appear to exist. It is not clear whether marsh
peat may be modeled as a homogeneous, isotropic porous media with
an impermeable boundary or as an anisotropic, heterogeneous porous
media affected greatly by animal burrows, root channels, the
phenomenon of autocompaction (Kaye and Barghoorn, 1964), and fresh-
water input from the regional groundwater system. It was, therefore,
concluded that any investigation of subsurface water flow in salt
marsh ecosystems must rely heavily on new field data. Consequently,
an extensive field study was initiated over the summer of 1978
(and continuing to the present) with the following subsurface
tasks defined:
1) Determination of marsh properties including subsurface
flow-peat properties, and infiltration/exfiltration.
2) Transport measurement including subsurface flow-
head measurements, and measurements to assess flows
through creek banks and creek bottoms.
While both surface and subsurface flows in the salt marsh were
considered in the specification of the field study, the work
presented in this thesis has been restricted to include only the
subsurface component of the resulting data base. It is specifically
a description of the hydraulic properties of salt marsh peat from
two New England salt marshes.
The subsurface field study focused on obtaining the
following information:
1) The hydraulic conductivity, including any aniso-
tropy, of representative marsh peats as produced under
different regimes of organic and inorganic deposition.
2) The variability of hydraulic conductivity, specific
yield, and relative density with depth as a result of
biological activity, autocompaction, plant succession,
and any major disturbances.
3) The variability of peat properties from marsh to
marsh.
4) The possible existence of impermeable layers of clay
or peat.
Most of the peat property determinations were conducted
on core samples in the laboratory. However, laboratory hydraulic
conductivity data was supplemented by data obtained in situ using
adaptations of well-pumping methods (USDI, 1968). The subject
marshes were examined in a systematic fashion with particular
attention given to the question of spatial resolution, both vertical
and horizontal, necessary to adequately represent the subsurface
system.
One objective of this study was to yield knowledge of
general applicability in marsh research and management. Research
was conducted on two New England salt marshes with this intention
in mind. The Great Sippewissett Marsh of Falmouth, Massachusetts
was selected as one of the sites for several reasons. Its prox-
imity to the Woods Hole Oceanographic Institution and Marine Biol-
ogical Laboratory has attracted intensive study by scientists from
these research institutions. While the hydrologic data base from
this as well as other marshes is weak, much information is available
on biological and chemical aspects of the Sippewissett Salt Marsh.
By concentrating part of our research on this marsh the resulting
hydrologic data may prove to be useful to other ongoing research
projects while the abundant existing data will be equally helpful
in the efforts of this work. In other words, the study of the
Great Sippewissett Marsh provides great potential for scientific
cooperation in the interest of the advancement of salt marsh research.
The second salt marsh site which was studied is the
Ebben's Creek Marsh in Essex on the north shore of Massachusetts.
Nierring and Warren (1980) describe New England salt marshes as
being similar in that they occur as "small individual systems in
drowned valleys or behind barrier beaches." However, there are
distinct differences in these ecosystems within the New England
area. For example, the Ebben's Creek Marsh is located north of
Boston where the tidal range is approximately 2.7 m. This differs
from the Great Sippewissett Marsh located south of Boston where
the tidal range is about 1.2 m (Eldridge Tide and Pilot Book, 1980).
Other differences between these two sites include the depth of
peat and the underlying substrate. The peat was a station maximum
of 2.5 m and underlain by sand at Great Sippewissett while at
Ebben's Creek, stations. were sampled where the peat was approx-
imately 4.3 m deep and underlain by clay. The motivation behind
the study of these two salt marshes was to determine if general
statements could be made about the hydrology of salt marsh eco-
systems despite major differences in tidal influence and geological
history.
2.1.1 Sampling Scheme - Great Sippewissett Marsh
Given the present lack of knowledge with respect to salt
marsh peat properties it was decided that east-west and north-south
transects would provide a relatively unbiased data base.
Figure 2.1 shows the location of the sampling sites in Sippewissett.
The east-west transect consisted of 8 stations an average of 36
meters apart and the north-south transect consisted of 7 stations
an average of 100 meters apart. The east-west and north-south
transect stations will be referred to as STAlEW, STA2EW, etc. and
STAlNS, STA2NS, etc., respectively with "EW" denoting east-west
and "NS" denoting north-south. STA3NS and STA7NS are actually
2 nests of stations in a line perpendicular to the creek bank.
STA3ANS, STA3BNS, and STA3CNS are 4.0, 3.0, and 1.0 meters from
the creek bank, respectively. STA7ANS is 5.0 m and STA7BNS is
3.0 m from the creek bank at another location further north along
the transect. STAOHM is not a station along the north-south-
transect but one which is in a high marsh (EM) region, i.e. marsh
in the stage of development in which an essentially flat surface
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lies at approximately th-e mean high water level (Redfield, 1972).
The vegetation of the Great Sippewissett intertidal zone
is occupied almost exclusively by Spartina alterniflora, Loisel,
the salt marsh cordgrass. The tall form has thick stems, may reach
1-3 m heights, and grows on the banks of tidal creeks. The dwarf
form is about 10-30 cm high, grows quite densely, and is commonly
found landward of the tall form where the marsh becomes flat
(Valiela et al., 1978). Wherever the high marsh is sufficiently
well drained Spartina alterniflora is replaced by Spartina patens
and Distichlis spicata (Redfield, 1972). The Sippewissett Salt
Marsh has an area of about 0.25 km2 most of which consists of
Spartina alterniflora dwarf form (Valiela et al., 1978). As a
result of this dominance most of the sampling sites in both the
north-south and east-west transects support the dwarf form.
Continuous cores from the surface of the marsh to the
sand beneath the peat were obtained at all 19 Sippew-issett
stations for the laboratory testing of hydraulic conductivity,
specific yield, and relative density. In situ hydraulic conductiv-
ity tests were conducted at STAlNS, STA2NS, STA3ANS, STA3CNS, STA4EW
and STA5EW. Samples of water were collected during each of these
tests for salinity determination.
2.1.2 Sampling Scheme-Ebben's Creek Marsh
A transect cons-isting of 6 stations an average of 15 m
apart was studied at Ebben's Creek Marsh in Essex, Massachusetts.
These stations will be referred to as STAlNSH, STA2NSH, etc. with
"NSH" denoting the north. shore of Massachusetts. Figure 2.2
shows the locations of thes-e 6 stations.
The vegetation of the Ebben's Creek transect is dominated
heterospecifically by Spartina alterniflora, dwarf form and
Spartina patens which grades into Spartina alterniflora, tall form
at the creek banks. The sampling area of this marsh differs in
many respects from the Sippewissett transects. For example,
there are many man-made drainage ditches which run perpendicular
to the main creek. Redfield (1972) notes that in a salt marsh at
Barnstable, Massachusetts Spartina alterniflora is replaced by
Spartina patens at the margins- of ditches due to the enhanced
drainage. This may be one reason for the heterospecific dominance
found in the Ebben's Creek intertidal zone. In addition to the
differing vegetation, the creeks found in this north shore marsh
are approximately 2-3 meters deep in comparison to Sippewissett
which has creeks of the order of 1 meter deep. This is perhaps
due to the difference in tidal range between the two regions.
Continuous cores from the surface of the marsh to the
clay beneath the peat were obtained at each station along the
transect. In addition, in situ hydraulic conductivity tests
were performed and pore water samples were secured for salinity
determination at STAlNSH through STA5NSH.
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2.2. Instrumentation and Methodology
2.2.1 Introduction to Coring Methodology
A coring apparatus was designed specifically to obtain
undisturbed peat samples: upon which. hydraulic conductivity tests
could be performed. To describe a sample as undisturbed requires
further explanation. Hvorslev (1949) claims that while a truly
undisturbed sample cannot be ob-tained due to the reduction of the
total stresses acting on the soil, the sample may be suitably
undisturbed for all laboratory tests if the following basic require-
ments are satisfied:
1) No disturbance of the soil structure.
2) No change in the water content or void ratio.
3) No change in constituents or chemical composition.
The satisfaction of these requirements is clearly difficult to
verify. Consequently, Hvorslev transforms them into the following
practical requirements:
1) The total recovery ratio should be equal or slightly
smaller than 1.
2) The surface of samples or sliced sections should not
exhibit distortions or other signs of disturbance which
can be attributed to the sampling operation.
3) The net length and weight of the sample must not
change during the shipment, storage, and handling of the
sample.
The total recovery ratio = L/H; where H. is the penetration
depth of the sample during the actual sampling, and L is the length
of the sample before withdrawal. Due to the difficulty of deter-
mining L the gross recovery ratio is used instead. When the sample
does not move downwards in the sampling tube during the withdrawal
the total recovery ratio equals the gross recovery ratio. The gross
recovery ratio is defined as L /H; where L = the distance from the
g g
top of the sample to the cutting edge whether or not the lower part
of the sample is lost. This assumes that the condition of the
recovered sample is not influenced by a loss of the lower part of
the sample.
In a discussion of the handling of undisturbed samples
Lambe (1951) emphasizes the prevention of moisture loss from the
sample. He claims that when possible the sample should be stored
in the coring tube and covered with a protective covering to
prevent loss of moisture.
Since this sampling was performed with the purpose of
permeability testing in mind it is important to consider the
influence of any disturbance on this property. Hvorslev (1949)
claims that if a disturbance of the soil structure causes a change
in the void ratio, the permeability will also be changed. Remolding
of soil samples generally causes very large decreases in the perme-
ability of clays, silts, and organic soils (Terzaghi and Peck,
1948). In addition to the avoidance of sample remolding Hvorslev
suggests a minimum diameter of 2 7/8" for samples upon which perme-
ability and consolidation tests should be performed. This is. a
direct result of the fact that the degree of disturbance of the
central portion of the sample decreases with increasing sample
diameter (Hvorslev, 1949).
Preliminary coring and testing procedures demonstrated
several problems inherent in securing undisturbed samples of a soft
material such as peat. For example, it was necessary to devise a
method of retaining the sample in the corer especially when the
peat was soft and oozy. These procedures also demonstrated that
sample extrusion from the corer resulted in significant radial
expansion. This certainly would have a disturbing effect on the
measured permeability. It was concluded that a minimization of the
radial expansion could be achieved by running the permeability
tests on the sample without removal from the coring tube. A
third problem was the difficulty of manually driving the coring
apparatus through the tight root zone which extends to-a depth of
about 20 cm beneath the surface of the peat. One method of
alleviating this difficulty was to provide a cutting edge capable
of severing the Spartina alterniflora roots and rhizomes while
driving the corer into the peat.
As was mentioned above, the soft, wet nature of salt
marsh peat makes retaining the sample in the coring apparatus
during withdrawal from the ground a problem. Hvorslev (1949)
in a discussion of drive sampling claims that wall friction should
be increased during withdrawal and hydrostatic pressure should
be large at the bottom while small at the top of the sample for
a successful withdrawal. He suggests a delay in the withdrawal
operations to permit completion of the expansion of the soil
sample resulting in maximum wall friction between the sample and
the core tube. The pressure over the sample can be reduced by the
use of a check valve, piston, or suction hose. Hvorslev also
suggests rotation of the sampler to reduce the tensile strength of
the sample while injection of water or compressed air below the
sample maintains an upward pressure.
According to Hvorslev the s-ampler which is best suited
for obtaining "undisturbed" samples- of soft, cohesive soils given
the many difficulties presented above is the stationary piston
sampler. This is one in which the piston is held at a constant
elevation during sampling. At the sampling depth, the piston is
held stationary while the coring tube is forced past it into the
soil. Some advantages of the stationary piston corer are as
follows (Hvorslev, 1949):
1) No need to case the bore hole.
2) The sample is not acted upon by atmospheric or hydro-
static pressure acting down since it is protected by the
stationary piston.
3) It is possible to sample at any depth without taking
a very long core over the entire depth.
4) It does not create a vacuum as a retracting piston does.
It became apparent (from Hvorslev and preliminary coring
procedures) that the stationary piston corer was the best design for
obtaining undisturbed samples of peat. Because the depths of
interest were not extreme it was possible to design a stationary
piston corer which could be worked by hand. Once the core was
removed from the ground the coring tube was capped and sealed with
waterproof tape. The samples were cut to the proper size, and
tested for permeability without removal from their coring tubes.
2.2.2 Peat Coring Apparatus and Procedure
Testing of the peat samples in their coring tubes made
it desirable to use a transparent material for the tube to allow
visual contact with the sample during testing. This visual contact
is important because it enables accurate measurement of the sample
length and aids in the detection of air bubbles or movement of fine
grains during testing. Polycarbonate tubing, 2.5" I.D. and 2.8" O.D.
was obtained from Jim Broda of the Woods Hole Oceanographic
Institution. The tubing was being used as a core liner for
sea floor sediment sampling operations. It was chosen for this
work because of its strength, transparency, and availability.
The core segments were capped with plastic caplugs which were
obtained from the same source.
The polycarbonate tubing was fitted with a hole saw to
provide the means of cutting through roots and rhizomes when the
corer is rotated manually as it is pushed through the root zone.
To minimize disturbance, rotation of the apparatus was performed
only if pushing (steady vertical force) without rotation proved to
be in vain. On the other end, the polycarbonate tubing was
attached to a pvc unit with 4 machine bolts. This unit provided
a 1" coupling onto which handles- or pipe extensions could be
attached (see Figure 2.3). All of the fittings consisted of pipes.
This provided a continuous channel through which the piston rod
could freely move.
The piston design was also suggested by Jim Broda. It
consisted of two stainless steel disks 2.5" in diameter each with
a 3/8" hole through which a 1/4" bolt -may pass for securing with
a nut on the other side. The bolt had a head which could be
tightened with an allen wrench. Between the two metal disks was
placed a 3/8" thick rubber disk, 2.5" in diameter, also with a 3/8"
diameter hole in the center. When assembled the three disks are
attached to a rod. Tightening of the bolt with an allen wrench
squeezes the rubber disk resulting in a rubber protrusion which
creates a tight seal against the wall of the polycarbonate tubing.
See Figure 2.4 for a diagram of the piston.
Use of a stationary piston corer requires a stable
structure such as a tripod which rests on the ground surface. This
tripod provides the means by which the piston rod may be secured
against any motion while the sampler is pushed past the piston
into the peat. A tripod was constructed from 1 1/2" schedule 40
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Fig. 2.4 Diagram of Piston
aluminum 6061 T6 pipe and 6 No. 41 1 1/2" x 1 1/2" adjustable
flanges. See Figure 2.5 for a diagram of the complete coring
apparatus.
A description of the coring procedure is as follows:
(1) A 1 ft. length of polycarbonate tubing is attached
to the pvc unit with 4 machine bolts and the pvc unit is fitted
with the handles.
(2) Two holes are drilled and tapped with hand tools
at the lower end of the core tube and the hole saw is attached with
a screwdriver.
(3) The piston is positioned so that it is flush with
the saw tooth edge of the hole saw and an allen wrench is used to
tighten the bolt and create a seal between the rubber disk and
the core tube wall.
(4) The piston rod is then clamped to the tripod with
four thumb screws to prevent any motion.during the driving operation.
(5) The core barrel is pushed past the piston into the
peat with rotation if necessary to cut the roots and rhizomes. Two
adults were able to push the corer through the root zone quite
easily in this manner. After using the l' length of core tube or
when it became too difficult to push further the point on the
tubing which was flush with the ground was marked with waterproof
1 1 1/2" Schedule 40 aluminum 6061 T6 pipe may be purchased from
Stainless Pipe Company, Cambridge, Mass.
No. 41 1 1/2" x 1 1/2" adjustable flanges may be purchased from
Bradman Dow and Company of Boston, Mass.
- I
Fig. 2.5 Photograph of Complete Coring Apparatus in the Field.
tape.
(6) The thumb screws on the tripod are released and the
piston rod is secured to the coring unit to prevent loss of the
sample during withdrawal.
(7) The two workers pull up on the handles until the
entire coring tube with the sample is removed from the ground. The
gross length of the sample, L , is measured and since the excursion
length of the coring apparatus, H, was marked and the gross recovery
ratio, L /H, can be calculated. Most of the cores retrieved had
a gross recovery ratio of approximately one and it was a rare occasion
when the lower part of the sample was lost. Cores of very oozy
peat were not retained, however.
(8) The hole saw is removed and the end of the core
tube is capped with a caplug and taped with waterproof tape. At the
other end of the core tube where the piston is still in contact with
the top of the sample, a pipe cutter is used to cut the core barrel.
A hack saw has been found to be useful in cutting off any sample
protrusions in order to allow for a tight capping of the sample in
its core tube. This end is then capped and taped.
(9) The capped sample is labeled with the station
number, depth, orientation, gross recovery ratio, and date.
The entire procedure is repeated with the exception that
the piston rod is secured to the tripod once the previous excursion
mark is again flush with the ground surface. The corer is pushed
as far as possible (which is usually further than in the root zone)
without exceeding 3'. Hvorslev (1949) claims that a safe length
for an undisturbed sample is given by
L (10-20)D
s s
where Ls = length of sample
Ds = diameter of sample.
Thus, for Ds = 2.5" the length of sample should not exceed 50".
When required, 3' pipe and rod extensions are attached
to the pvc unit and the piston rod respectively, using standard
threaded couplings. This specific sample operation used a complete
coring assembly of 4 pipe and rod extensions, resulting in a maximum
apparatus excursion depth of 15'. The pipe extensions consisted of
1" galvanized iron pipe with threaded ends. The piston rod exten-
sions were standard galvanized 1/4" threaded rods.
As was mentioned earlier, the gross recovery ratio was
seldom much different from 1, suggesting insignificant sample
disturbance due to compression. While at some locations and depths
very moist sample sections were lost, this was rare. Consequently,
these sampling procedures resulted in a quasi-continuous inventory
of peat samples over the depth at each sampling station. Sampling
was stopped when peat samples were replaced by the underlying
inorganic sediment deposits. The coring apparatus could not be
forced very far into these underlying sediments but it usually
recovered enought to show the nature of the inorganic material.
Upon arrival at the laboratory the sealed peat samples
were immediately placed in cold storage in an effort to reduce the
possiblity of accelerated decomposition.
2.2.3 Laboratory Hydraulic Conductivity Test Apparatus and
Procedures
Any discussion of groundwater flow and the related porous
media properties must begin with Darcy's Law. In 1856 Henry Darcy
investigated the flow of water in vertical homogeneous sand filters.
The experimental set-up that he employed is given in Figure 2.6 (Bear,
1979). From his experiments he concluded that the rate of flow, Q, is
proportional to the cross-sectional area, A, and the hydraulic
gradient, J. Darcy's Law may be expressed as follows:
Q = KAJ
where K = hydraulic conductivity
A = cross-sectional area of the sample
J = hydraulic gradient
= (h - h 2)/L (See Figure 2.6).
The hydraulic conductivity, K, is the coefficient of
proportionality appearing in Darcy's Law. It is a measure of the
rate of water movement through soil and has the dimensions of
length/time. It is a coefficient which depends on both matrix and
fluid properties. The hydraulic conductivity, K, may be expressed
as (Nutting, 1930):
K = kpg/yt = kg/v
where k = the intrinsic permeability of the porous matrix (L 2
p = the density of the fluid
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Fig. 2.6 Henry Darcy's Experimental Set-up from Bear (1979)
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p = the dynamic viscosity of the fluid
v = the kinematic viscosity
= u/p
The intrinsic permeability, k, depends solely on properties of the
soil matrix.
Two standard laboratory methods which are avilable for
the measurement of the hydraulic conductivity of soil samples are
(1) the constant-head test and (2) the variable head test. Both of
these tests are described in detail by Lambe (1951).
Laboratory tests are in general more accurate than
field conductivity tests because the procedures are under close
control. However, Lambe (1951) points out that neither the
constant-head nor the falling-head laboratory methods are without
serious sources of error. Some of the problems inherent in the
laboratory measurement of hydraulic conductivity are:
(1) The soil is always disturbed to some extent by
the sampling operation.
(2) The soil sample orientation is such that only
vertical permeability is measured. This may not accurately
represent in situ flow conditions.
(3) Boundary conditions in the laboratory (smooth per-
meameter walls) are not the same as in the field.
(4) The hydraulic head in the laboratory is generally
much larger than in the field, resulting in a possible washout of
fine material to the boundary.
(5) Entrapped air may have a large effect on the labora-
tory sample.
Despite the many sources of error, tests to determine
the hydraulic conductivity of the salt marsh peat must be performed
if one is to inquire into the subsurface flow regime of salt marsh
ecosystems.
Many factors combine to control the permeability of
peats. Hofstetter (1963) mentions specifically the physical struc-
ture of the peat. This structure which depends on the plant source,
the conditions of deposition, and the post-deposition conditions
greatly affects the size and continuity of the pores resulting in
a great range in peat permeabilities. In addition, Hofstetter (1963)
claims that the "physico-chemical forces" play a prominent role in
water movement in peat. Consequently, he feels that the procdures
used in making measurements of the properties and responses of
peat may themselves modify the sample and/or site to some extent.
However, since peat varies considerably from point to point and
with seasons, its potential behavior may only be learned from
tests. Hofstetter states, "One should not be concerned with norms
or averages, but should attempt to bracket the actual possiblities
in each situation." In light of the lack of data on the hydraulic
properties of salt marsh peat, the laboratory testing of a large
number of peat samples representing many different conditions in
the salt marsh appears to be a reasonable starting point in the
attempt to describe subsurface flow in these ecosystems.
With regard to the actual laboratory testing, the flow
must be unidirectional and the arrangement such that the hydraulic
gradient and the resulting flux can be determined. The constant-
head test apparatus which is generally accepted (Lambe, 1951) re-
quires a continuous flow of water, while the variable-head test
apparatus does not. A test to determine K for a soil of low perme-
ability may be of several days' duration. Since the constant-head
apparatus would consume a large quantity of water during a test of
such length it is generally believed that the variable-head test is
the most convenient for soils of low K. Boelter (1965) measured
the hydraulic conductivities of various types of peat from northern
Minnesota forested bogs. He found that the conductivities of the
various peat types covered a wide range of values; from K = 3.8 x 10-2
cm/sec for undecomposed moss peat to K = 7.5 x 10-6 cm/sec for
decomposed and herbaceous peats. Since salt marsh peats
may be classified as herbaceous (it is derived from the
salt marsh grasses Spartina alterniflora and Spartina patens) it
was concluded that the variable-head test would be the most suitable
in light of the possible low values of hydraulic conductivity.
A description of the variable-head hydraulic conductivity
test apparatus is as follows (see Figure 2.7): The standpipe consists
of a 100 ml burette which is attached to a ring stand using a test
tube clamp and connected to the permeameter with tygon tubing. The
permeameter rests on the base of the ring stand with another section
of tubing leading from the base of the device into a beaker for
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CLAMP TO CONNECT
BURETTE TO SAMPLE- L
Fig. 2.7 Diagram of the Variable Head Hydraulic Conductivity
Test Apparatus from Lambe (1951)
drainage. Pinch clamps are used on all sections of tubing. A
meter stick is also mounted on the ring stand with its scale begin-
ning at the elvation of the lower drain from the permeability
device. A diagram of the permeameter is given in Figure 2.8. Both
the top and the bottom sections of the permeameter are fitted with
porous stones. These are designed to retain the grains of the soil
but allow the passage of water.2 Preliminary testing confirmed that
the permeability of the porous stones is much greater than the perm-
eability of the peat samples. The top, base, walls, and tubing of
the permeameter are all transparent to aid in the search for
migrating sample fines, air bubbles in the system, or any animal
burrows.
The equation applicable to this experiment can be
derived in the following manner (see Figure 2.7):
Let Q = the instantaneous rate of flow,
a = the area.of the standpipe (cross-sectional area
of the burette), and
h = the height of the meniscus above the drain at
the base of the permeameter.
Then, Q = a(dh/dt) (2.1)
Now let L = the length of the sample, and
A = the cross-sectional area of the sample.
By Darcy's Law,
2 The porous stones used in these tests were obtained from Soil Test,
Inc., Evanston, Illinois. They are catalogue #T-314: 2.8" in
diameter, 1/4" thick with a permeability rating of 8-12.
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Fig. 2.8 Diagram of the Permeameter
Q = KA(h/L) (2.2)
Note that h is also a measure of the hydraulic head
across the sample.
By equating equations (2.1) and (2.2) and integrating,
one obtains the following expression for K:
K = (aL/At)ln(h /h 2) (2.3)
where, h = the hydraulic head across the sample at
time = t,
h2 = the hydraulic head across the sample at
time = t2 , and
t = t 1-t2 = the duration of the test.
A typical test procedure based on the methods of Lambe
(1951) may be described as follows:
(1) A sample of peat is removed from the refrigerator
where it was in cold storage.
(2) Without removing the caps the sample is cut to the
desired length. The length of the sample was left to the discretion
of the tester. Because the samples were stored in their transparent
core tubes it was possible to note any obvious change in peat
structure or composition. When a sample exhibited a transition from
for example, one color to another, peat to sand, dense roots and
rhizomes to loose peat, etc., the cut was made separating the two
peat types. However, sample length, L, seldom exceeded 15 cm
simply because the testing time increases with the length of the
sample.
(3) The sample to be tested is then examined by the
experimenter who writes a brief description including the sample
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location, depth, appearance, and the presence or absence of H 2S(g)
which may be detected by its strong odor.
(4) The top and bottom sections of the permeameter device
are then forced over the ends of the sample, taking care that the
sample remains in the same orientation as in the field.
(5) The sample is then saturated with de-aired water
using a hand vacuum pump which draws the water from a bucket in
which the sample is submerged up through the sample minimizing the
amount of entrapped air. It should be noted that most of the
samples were already very close to saturation since they came from
beneath the water table in the field and were capped and sealed
immediately upon removal from the salt marsh. As a precaution,
however, each sample was saturated manually before testing. Before
removal from the saturation bucket all hoses on the apparatus are
clamped closed to prevent loss of water.
(6) The permeameter is connected to the standpipe
with the clamped tygon tubing. The burette is then filled with
deaired water and the lines at the top of the sample are deaired
by opening the hose clamps on the inlet and vent on the permeameter
top. When no more air comes out, the vent is closed with a hose
clamp and the initial hydraulic head across the sample is measured
and recorded.
(7) The hose clamp is opened on the exit tube at the
base of the permeameter simultaneously with the staring of the timer.
The water is collected in a beaker directly from the exit hose until
the burette is almost empty. The elapsed time is noted as the exit
tube is clamped. The final hydraulic head across the sample and
the temperature of the test water are then measured and recorded
along with the elapsed time.
(8) Step (7) is repeated at least two more times or
until the results are reproducible for three successive runs. The
temperature is taken each time. To check on the degree of sample
saturation, the volume of water collected from the exit tube is
compared with the volume that entered the sample. If out < in
the sample was not saturated. Results from runs in which this were
the case were discarded.
(9) The hydraulic conductivity, K, is calculated for
each of the runs using equation (2.3):
KT = (aL/At)ln(h /h2 )
The temperature correction is applied using the equation
K2 0  KT( T/20)
where, K20 = the hydraulic conductivity at 20*C,
K = the hydraulic conductivity at temperature = T,
T
"T = the fluid viscosity at temperature = T, and
n20 = the fluid viscosity at 20*C.
The viscosity corrections are given in Table 12-1 of Lambe (1951).
The hydraulic conductivities from each repetition are then averaged
and their standard deviation calculated.
For this investigation one run for many of the samples
took up to 24 hours because of their low permeability. Consequently,
it was felt that considerable time could be saved by running
several samples simultaneously. With this in mind, 8 permeameter
units were constructed. It was found that one experimenter could
keep track of a maximum of 4 samples running simultaneously. Thus,
while 4 of the permeameters were running, the other 4 were being
saturated. This was a tremendous time saver in the progression of
these tests.
The nature of many of the runs was such that running
time, that is the time between the starting and stopping of the
timer, was several hours. Rather than requiring the presence of
the experimenter during the entire time a low-cost multi-channel
permeameter was designed and constructed by H. Hemond (in press).
This device is capable of monitoring and recording graphically
the water levels in the 4 standpipes simultaneously over time. As
a result, the experimenter can start the tests and come back later
at some convenient time confident in the knowledge that the rate
of change of head was recorded for each sample. The curves of
head vs. time can then be used to determine hi, h2, and t for the
calculation of K.
After the hydraulic conductivity was determined most of
the surface samples were allowed to drain by gravity for several
days or until the drainage stopped. The volume of the drained water
was measured and corrected for evaporation. Using this information
the specific yield was calculated with the following equation:
S = V/(AhA) where, S = the specific yield,
V = the volume of water drained
(corrected for evaporation),
Ah = the distance from the top of the
sample to the exit tube, and
A = the cross-sectional area of the
sample.
The sample was then resaturated, sealed, and returned to cold
storage.
In addition to the determination of hydraulic conductivity
and specific yield, the relative density was determined for many
of the samples. Relative density, RD, is defined as:
RD = unit weight of saturated soil
unit weight of water
Discussion
The factors which. affect the permeability of homogeneous,
isotropic soils are listed by Lambe (1951):
1) The viscosity of the pore water which is temperature
dependent. The coefficient of hydraulic conductivity determined
in laboratory tests is- usually corrected for temperature. It may
then be assumed that the vis.cosity of the pore water is not a
factor when comparing the K values of different tests. Care
should be taken, however, when using the laboratory test results
as an indication of the hydraulic conductivity in the field since
the pore water temperature is not constant at 20 0 C.
2) The void ratio of the soil. This is particularly
elusive when dealing with organic soils because of the many
factors which determine the pore size such as the degree of
decomposition, the presence of colloids, ionic strength effects,
microbiological activity, etc.
3) The size and shape of the soil grains. Again, this
is difficult to predict in organic soils because of the many
active processes which keep these properties in a constant state
of change.
4) The degree of saturation. As the degree of saturation
increases the hydraulic conductivity also increases due to the
breaking of surface tension. Vacuum wetting which was used in
these tests is a standard method for attaining complete saturation
of a soil sample (Klute, 1965).
The sources of error in laboratory hydraulic conductivity
tests are many. However, several precautions were employed which
may have reduced the harmful effects of many of the problems. Gas
bubbles entrapped in the pores may produce erratic results.
However, if the water is relatively gas free, the entrapped gas
may slowly be dissolved (Klute, 1965). Consequently, deaired
water was used for the tes.ts, described above. Ion-exchange and
other effects due to the chemical composition of the field pore
water may- be significant (Reeve, 1957a; Foster, 1954).
With this possibility in mind several runs were made
with sea water the results of which were compared with the
results of runs performed on the same samples with deaired fresh-
water. In all cases the hydraulic conductivities were not signif-
icantly different. Therefore, all subsequent tests were run with
deaired freshwater. Biological activity in the samples may cause
plugging of the pores by the growth of microorganisms or by the
production of organic materials (Klute, 1965). If it is desired
to control such effects a disinfectant may be used. However,
in the case of salt marsh peat the abundance of organic matter
makes this environment ideal for microbiological activity. It
has been concluded, therefore, that any attampt to remove the
influence of these organisms may produce misleading results. -It
should be noted that since the samples were stored in refrigerators
under saturated and anoxic conditions (similar to field conditions)
that the microbiological activity should not have been accelerated
much over what would be found in the field.
Klute (1965) also mentions s.tructural phenomena such as
cracks and animal burrows which affect the flow in the field in
ways dependent on the condition of flow. He claims that if the
pore pressure is positive and the holes have access to the surface
they will run full of water and contribute to the flux. However,
if the pore pressure is negative the holes. will he drained and
will cause a decrease. in the flux of water. Consequently, the
increas-ed flux of water through a crack or hole in a laboratory
core may not be representative of the behavior in the field.
Samples in which these structures were found were not tested
for hydraulic conductivity on that basis.
The various effects: mentioned above produce a variation
in the conductivity- with time. As a final precaution several
samples were tested a second time after a period of 6 months
of cold storage had elapsed. In all cases the results- were
within an order of magnitude. Some samples exhibited an increase
in hydraulic conductivity and some exhibited a decrease. This
suggests that the discrepancy was probably not the result of
some systemmatic phenomena. Given the many sources of error
and uncertainty inherent in the determination of hydraulic
conductivity the ability to reproduce results to within an order
of magnitude after a period of 6 months is encouraging.
2.2.4 In Situ Hydraulic Conductivity Test Apparatus and
Procedures
While laboratory tests are generally more accurate than
field tests because of the controlled conditions in situ test-
ing can prove to be very beneficial also. Childs (1969) in a
discussion of methods of measuring hydraulic conductivity claims
that if the purpose is to gain an understanding of field phenomena
the measurement should be made in the field. He feels that due to
the alteration of the removed sample the results cannot be applied
with confidence in the field. In addition he mentions that the
sample may be too small to accurately represent the soil from
which it was extracted.
Work done by oelter (1965) suggests another reason for
in situ testing. In his study of northern Minnesota bogs he
came across peat materials particularly of a herbaceous nature
which have a "very pronounced horizontal laminar structure".
While this suggests the possibility of anisotropic hydraulic
conductivity, Boelter found the vertical and horizontal conducti-
vities not to be significantly different. However, other authors
(Malmstrom, 1925; Colley, 1950) have reported that horizontal was
greater than vertical conductivity. Because of the herbaceous
nature of the salt marsh peats it was decided to investigate the
possibility of aniso.tropic hydraulic conductivity. Since the
laboratory tests are specifically designed to measure the vertical
hydraulic conductivity, the in situ piezometer method of measuring
horizontal hydraulic conductivity was employed.
The method utilized for the in situ measurement of
hydraulic conductivity is based upon the piezometer method de-
scribed by Reeve and Kirkham (1951) and Luthin and Kirkham (1949).
In the piezometer method, water seeps into a cylindrical cavity
at the base of an unperforated thin-walled pipe. Due to the nature
of the peat, however, this method was- modified from that which
was presented by Luthin and Kirkham (1949). In many locations the
peat is so soft that it s-lumps into the augered cavity beneath the
pipe. It became obvious from preliminary testing that a well
screen was needed to prevent the collapse of the cavity walls.
The in situ hydraulic conductivity test apparatus
consisted of 3 lengths, 1m, 2m, and 3m of 1 1/4" schedule 40 pvc
pipe which were marked at 30 cm intervals. Horizontal grooves
were cut using a table saw to create a well screen 30 cm in length
at the end of each of the 3 pvc pipes. The other end was left
unperforated. Other equipment used in these tests- include a
1 1/4" auger with extensions, 3 vacuum hand pumps, stopwatches,
plastic bottles, tygon tubing, threaded rod, and "C" clamps.
The step by step procedure is as follows:
1) A hole 30 cm deep is augered.
2) The screen end of the 1 m long pvc pipe is inserted
into the hole and the remnant peat is cleaned out of the inside
of the pipe with the auger.
3) The tygon tubing which has been taped to the
threaded rod for rigidity is inserted into the pipe. The "C" clamps
are used to insure that the end of the tubing remains at a
prescribed position above the bottom of the pvc pipe. The end
of the tubing was usually secured at 15 cm above the bottom of
the pipe during this investigation.
4) The other end of the tubing was connected through a
stopper to a plastic bottle. A second hole in the stopper was
used for the hose from the vacuum pump. As the pump is activated
a vacuum is created in the plastic bottle which draws the water
out of the pipe.
5) The water which- seeps into the pipe through the
screen is pumped out. This is: repeated several times to flush
out the soil pores in the immediate vicinity of the screen. When
the water which is being pumped becomes relatively clear the test
is begun.
6) The well is pumped until no more water is recovered.
The stopwatch is then started and the bottle is emptied. The well-
is pumped at the rate required to keep the water level at the hose
elevation. This is continued usually until a measurable amount
of water is collected in the plastic bottle. The pumping and
stopwatch are then stopped simultaneously and the volume of water
collected is measured. The elapsed time, volume of water, tubing
and water table elevations are all recorded. The water table
elevation was measured relative to the ground surface and was
taken from an observation well near each test site.
7) A small sample of the water pumped at each depth was
saved for salinity determination.
8) Step (6) was repeated at least 3 times or until the
results were reproducible.
9) The pvc pipe is removed, the hole is extended to a
depth 30 cm greater than the previous depth and the procedure
begins again. It should be noted that at depths greater than 1.2 m
a problem of s.creen clogging hegan to develop. It was difficult
at these depths. to obtain reproducible results especially when it
became necessary to clean the grooves after each run. Consequently,
the reliability of the results from these deep in situ tests is
questionable.
The piezometer method presented by Luthin and Kirkham
in 1949 employed rate of rise methodology in which the soil water
is allowed to rise in the pipe and its rate is determined with
the aid of stop watches and an electric probe. Due to the possi-
bility of the existance of very low permeabilities- in the salt
marsh peat it was felt that this rate of rise method would be too
time consuming. Consequently, the constant head method described
above was employed as an alternative. This method is described
in more detail in the Earth Manual, U.S. Department of the Interior
Bureau of Reclamation, 1st ed., p. 541. The equation given in the
Earth Manual for the calculation of the hydraulic conductivity
from the data is (see Fig. 2.9):
K = ln - L lOr (2.27THL r
where, K = the hydraulic conductivity,
Q = the volume rate of flow,
H = the difference between the water table elevation
and the level of water in the well, i.e. the
elevation of the lower end of the tubing,
L = the length of the well screen, and
r = the radius of the well
Note that for these tests r = 1.59 cm and L = 30 cm; 10r = 15.9
which is less than 30.
4)
HK =27rHL n
WHERE L2 IOr.
L
Fig. 2.9 In Situ Hydraulic Conductivity Test
This equation implicitly assumes that most of the
hydraulic head is dissipated in the soil within a distance of L,
i.e. one screen length, from the well. In support of this
assumption, Luthin and Kirkham (1949) present a diagram of the
equipotential surfaces about the piezometer "cavity" (see Fig. 2.10).
The figure shows that 80% of the hydraulic head is dissipated in
the soil within a distance of 1 cavity length. This clearly
demonstrates that only the soil in a relatively small region
about the well screen contributes principally to the flow.
Fig. 2.10 Equipotential Surfaces About the Piezometer Cavity
from Luthin and Kirkham (1949)
2.3 Peat Property Data Analysis
2.3.1 Great Sippewissett S'alt Marsh Core Data-Peat Properties
vs. Depth
The coring methodology described in section 2.2.2
enabled the acquisition of a semi-continuous collection of peat
samples over the depth at each station. With the completion
of tests to determine some of the hydraulic properties of these
samples it was possible to construct depth profiles of these
properties representing the peat at each field station. Since
the sampling operation continued until the inorganic material
lying beneath the peat deposit was reached the depth of peat at
each station is known. Figures 2.11 and 2.12 are the cross-
sections of the east-west and north-south transects, respectively.
These are schematic diagrams showing depth of peat, approximate
grass heights, and creek and station locations. The grass
height, grass type and distance from creek bank were recorded for
each station. This information is given in Table 2.1. It should
be noted that no direct measurements were made between the
stations so the creek depths, peat depths, and grass heights at
these locations are strictly estimates based upon the available
data and qualitative field observations. In addition, the marsh
surface given in these figures has been assumed to be flat in
the absence of extensive topographical data. This assumption was
based upon a 40 m2 area surveyed for the surface flow portion
of this field study the results of which show small surface
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TABLE 2.1 - Sippewissett Salt Marsh Station Description
Station GH(ma) GT* DFC(m)
STAlEW 0.25 Sp.a. - Short 19.8
STA2EW 0.20 S -.a. Short 4.9
STA3EW 0.15 Sp.a. - Short 3.0
STA4EW 0.40 Sp.a. - Short 3.8
STA5EW 0.20 S.a - Short 5.8
STA6EW 0.20 Sp.a. - Short 1.5
STA7EW . Panne 16.7
STA8EW 0.10 .a - Short 30.5
STAOHM
STAlNS 0.35 S.a - Short 1.0
STA2NS 0.25 Distichlis spicata 14.0
STA3ANS 0.30 Sp.a. - Short 4.0
STA3BNS 0.35 Sp.a. - Short 3.0
STA3CNS 0.35 Sp.a. - Short 1.0
STA4NS 0.35 Sp.a. - Short 5.0
STA5NS 0.55 Sp.a. - Tall 2.5
STA6NS 0.70 Sp.a. - Tall 2.0
STA7ANS 0.35 Sp.a. - Short 5.0
STA7BNS 0.25 Sp.a. - Short 3.0
* Note: Sp.a. stands for Spartina alterniflora; "Short" refers to short
form and "Tall" refers to tall form.
elevation changes ( 15 cm) relative to the changes in depth
of peat (Burke., pers:onal communication).
Figure 2.11, the eas-t-west cross-section, suggests the
existence of a basin of sand which has been filled with peat.
STAlEW is located approximately 30 meters from the inorganic
fill which supports the railroad tracks. The transect continues
in a westerly direction toward Black Beach. This is the barrier
beach which protects the salt marsh from the wave action of
Buzzards Bay. STA8EW is located approximately 50 meters from
the dunes of this barrier beach. As- one can see from this figure
the deepest section of peat appears: to lie midway between the
upland and the beach. This seems to be consistent with the
theoretical structure of a salt marsh given by Redfield and Rubin
(1962). Figure 2.13 shows that the theoretical maximum depth of
peat occurs where the sand flat meets the upland as a result of
salt marsh spreading over accumulating sediment on the sand flat
and over the upland in response to a rising sea level.
The north-south Sippewissett transect (Fig. 2.12)
runs approximately parallel to Black Beach. STAlNS is located
approximately 46 meters from the upland. It exhibits shallow
peat as did STAlEW suggesting that the peat pinches out as one
approaches the upland regions, giving way to a poorly sorted,
medium grained sand. As one proceeds northward along the
transect the depth of peat fluctuates. It is believed that the
northern end of Great Sippewissett Marsh is younger than the
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southern end as is evidenced bfy a much more extensive and complex
creek system (Yaliela, personal communication).
The hydraulic properties of the peat samples were
determined on sections which seldom exceeded 15 cm in length.
These properties included hydraulic conductivity, K; specific
yield, S ; relative density, RD; and the presence of reduced
sulfer gases, H 2S(g). A listing of this data including station
number, depth of sample, distance above basement, hydraulic
conductivity, log of hydraulic conductivity, relative density,
specific yield, and the presence of H S(g) is given for2 C
Great Sippewissett Salt Marsh in Appendix A (Table A-1).
In an effort to expose any relationship between hydraulic
conductivity and depth, plots were constructed from the available
data. Due to the extremely large range over which the hydraulic
conductivity values fall it is clear that log K is more useful
than K as a parameter in plotting depth profiles. Moreover,
given the nature of peat accumulation through time it was felt
that plots of distance above the inorganic basement vs. log K
would make more physical sense than depth vs. log K. For example,
consider the marsh development postulated by Redfield (1959) and
Chapman (1960). They claim that if relative sea level is rising
and sediment is accumulating beyond its margin at a rate in
excess of the rise in sea level, Spartina alterniflora will
spread over the accumulating sediment whenever its elevation is
greater than the minimum required for Spartina alterniflora survival.
As the sea level rises, the critical elevation will increase and
the intertidal grass (growing helow XHW) will spread further
outward onto the rising sediment basement. This results in a
layer of intertidal peat of relatively uniform thickness located
directly above the sloping basement. In regions where the marsh
has grown up over the submerged upland, peat formed from the high
marsh grasses (Spartina patens, growing at approximately MHW)
would occur alone (see Fig. 2.13). Thus, cores taken where the
marsh has spread over the sand flats may exhibit a stratified
structure where intertidal S. alterniflora peat is succeeded
by S. patens peat, while cores taken where the marsh has grown
up over the upland would consist only of S. patens peat. Because
the intertidal peat is of relatively uniform thickness and lies
directly above the sand basement the interface between high marsh
peat and intertidal peat should in theory occur at a fixed
distance from the basement. It would, however, occur at
varying distances from the surface of the marsh depending upon
the location of the sampling site. In view of this discussion it
appears that comparisons of profiles plotted with distance above
the basement rather than depth below the surface might be less
apt to conceal the relationships associated with marsh development.
The hydraulic conductivity data given in Appendix A
consists of values ranging from 2.6 x 10-6 cm/sec to 6.3 x 10-2 cm/sec.
This wide range of values is not uncommon when dealing with peat.
Boelter (1965) presents hydraulic conductivities- of several peat
horizons. in northern Minnesota ranging from 7.5 x 10-6 cm/sec
to 3.81 x 10-2 cm/sec. Dasberg and Neuman (1977) report "highly
nonuniform" hydraulic conductivity which is relatively low at
depths exceeding 2 meters and increases rapidly toward the surface
in the herbaceous peats of the Hula Basin, Israel. Hofstetter
(1963) claims that peat varies considerably from point to point
and with seasons based on a s-urvey of the literature on peat
permeability.
Many of the stations in the Great Sippewissett Salt
Marsh exhibit 3 distinct zones based on this vertical hydraulic
conductivity data. These consist of a low conductivity zone
from 0 to 20 cm in depth, a zone of much higher conductivity
extending nearly to the underlying sand, and a sand/peat transition
zone of low conductivity. See Figures 2.14 and 2.15 for plots of
the logarithm of hydraulic conductivity (log K) vs. distance
above the sand (DAS) showing the 3 zones of hydraulic conductivity.
The upper zone always includes the rooting zone. Valiela et al.
(1976) claim that the live roots and rhizomes extend to a depth
of approximately 15 cm in Great Sippewissett. It is felt that
the extremely dense root mat which exists at this depth is
primarily responsible for the low vertical hydraulic conductivities
which have been measured. It should be noted also that this low
permeability surface zone is consistent with the measurements of
< 5 mm of surface infiltration over a tidal cycle. The typical
surface hydraulic conductivity of approximately 10-5 cm/sec can
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account for at most 1 to 2 mm of infiltration during a 4 hour
tidal inundation (Burke. et al., in review). The hydraulic
conductivity of the middle zone is generally at least an order of
magnitude greater than the other two zones. The deep zone may
exhibit low permeability hoth due to more advanced humification
and due to clogging by- mineral particles such as- silt. The trans-
ition from the middle zone of high permeability to the deep zone
as determined by a decrease in K. of approximately one order of
magnitude from the maximum hydraulic conductivity in the medium
zone occurs consistently at a distance above the sand of about
10 to 40 cm (see Table A-1). This discontinuity in the hydraulic
conductivity may represent the transition from intertidal peat to
high marsh peat described by Redfield and Rubin (1962). It
seems possible that the intertidal peat formed from Spartina
alterniflora, tall form near the creek banks would be more apt to
silt up with fine inorganic material deposited as the creek over-
flows its banks than the high marsh peat further from the creek
banks.
Not all of the stations in the Great Sippewissett Salt
Marsh exhibit this structure. Figures 2.16 and 2.17 are depth
profiles of hydraulic conductivity in which the 3 zone conductivity
structure is not evident. STA7EW is located in a panne. Redfield
(1972) describes a salt marsh panne as "a shallow pool of standing
water interrupting the vegetated surface of the marshland". Figure
2.16 shows a permeability vs. depth profile which is missing the
O0.7-
0.6-
0.5-
0.4
0.3-
0.2-
0.1-
-3.0 -2.7 -2.4 -2.1 -1.8 -1.5 -1.2 -0.9
LOG K (cm/sec)
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upper zone of low permeability. It does, however, exhibit the
middle and deep peat conductivity characteristics described
previously. Since the panne is a salt marsh feature in which
there is no living vegetation there is no rooting zone in the
peat. The relatively high hydraulic conductivity measured at
the surface in this panne supports. the hypothesis that the tight
mat of roots in the typical vegetated surface zone is a major
factor in reducing the hydraulic conductivity. Figure 2.17
is a plot of the hydraulic conductivity vs-. distance above the
sand at STA3CNS. This station is located approximately 1 meter
from the creek (see Fig. 2.1). There is no apparent permeability/
depth structure at this location. The hydraulic conductivity is
relatively high at the surface dropping by an order of magnitude
at mid-depth (approximately 90 cm above the sand) and increasing
again by about the same magnitude at greater depths. The prox-
imity of this station to the creek bank suggests that these
results may be related to sediment reworking. In a study on the
effects of burrowing by the fiddler crab UJca pugnax, Katz (1980)
shows that crab burrowing near creek banks turns over a considerable
volume of sediment in those areas. Krebs and Valiela (1978)
report populations of up to 104 crabs m-2 in Great Sippewissett
Marsh corresponding to a potential of 44.5% yearly turnover rate
near creek banks. Katz also claims that sediment may be trans-
ported from the lower layers of the marsh via this -mechanism. In
light of this information a possible explanation for the distribution
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of hydraulic conductivity at STA3CNS may be peat reworking by
animals.
The relative density (RD) of the peat samples is
another property which is listed in Table A-1 for all of the
stations in Great Sippewissett Salt Marsh. This property is
defined as- the unit wt. of saturated soil per unit wt. of water.
The peat density shows a definite increase with depth at all of
the stations. This may he a result of the combined effects of
autocompaction (Kaye and Barghoorn, 1964) and increased mineral
content. Boelter and Verry (.1977) claim that density generally
increases with depth because of the accumulated weight of over-
lying organic deposits. This increase in relative density is
consistent with the low conductivity zone if indeed clogging
by mineral particles is important.
During the process of cutting the samples of peat for
the purpose of hydraulic conductivity measurement the odor of
reduced sulfur gases was noted. This data is also presented in
Table A-1. Most of the stations in Great Sippewissett have surface
peat from which these gases could be detected and deep peat
which had no such odor. STA3CNS ( a creek bank station) and
STA7EW (the panne station) did not follow this pattern, however.
Specific yield, S , is the final property presented in
Table A-1. It represents the quantity of water removed from the
soil by gravity as the water level is lowered. The values given
in Table A-1 range from 0.01 to 0.28. While the data is sparse
or missing from many of th-e stations, what is available appears to
be somewhat related to the hydraulic conductivity. Low conduct-
ivity values are as-sociated with- peats exhibiting small specific
yields and vice versa. Boelter (1964) reports- a value of 0.15
for moderately decomposed herbaceous peat of northern Minnesota.
He claims that peats with high specific yields generally- have
large pores which are easily drained while the denser more decomposed
peats retain water in small pores and are as a result not easily
drained. The hydraulic conductivities measured by Boelter were
found to be related to the specific yield. He therefore concludes
that hydraulic conductivity is probably related to pore-size
distribution.
It appears that hydraulic conductivity is a property-
of the peat which- is affected by many factors in a complex manner.
In an effort to determine the existence of relationships between
hydraulic conductivity and certain peat properties- statistical
correlations were performed. In light of the above discussion
with regard to specific yield the logarithm of hydraulic conductivity
was plotted against specific yield from the Great Sippewissett
east-west transect data (Fig. 2.18) and the north-south transect
data (Fig. 2.19). One can see from these plots a definite
relationship between these two peat properties. The correlation
coefficients for the east-west and north-south transects were
calculated to be 0.662 with- a probability of 0.0006 and 0.563
with a probability of 0.0001, respectively. The values of
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Fig. 2.18 Great Sippewissett Marsh East-West Transect: Logarithm
of Hydraulic Conductivity (LOG K) vs. Specific Yield (SY)
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0.0006 and 0.0001 repres-ent the probabilities that the correlation
coefficients will be exceeded by chance, i.e. for observations on
two variables which are not really related. According to Young
(1962) a commonly used rule of thumh in interpreting correlation
coefficients is to regard the correlation as significant if the
probability is less than or equal to 0.05. In other words, there
is less than 1 chance in 20 that the value will occur by chance.
Clearly, there is a significant positive relationship between the
logarithm of hydraulic conductivity and specific yield in the
data collected from the Great Sippewissett Salt Marsh.
Another possible relationship worth-investigating is
that of the logarithm of hydraulic conductivity and the relative
density of the peat. Figure 2.20 is a plot of the logarithm
of hydraulic conductivity, log K, vs. relative density, RD, for
the east-west transect. Again, a relationship between these two
variables can be seen. A correlation coefficient of -0.773 with
a probability of 0.0001 was calculated which demonstrates the
existence of a significant negative relationship between the log
of hydraulic conductivity and relative density along the east-west
transect of Great Sippewissett. Figure 2.21 is a plot of log K
vs. RD for the north-south transect. A relationship between these
two variables from this data is not obvious. However, a correlation
coefficient of -0.260 with a probability of 0.043 suggests that
a small but nevertheless significant negative relationship exists
between these two variables. It is not obvious why data from the
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Fig. 2.20 Great Sippewissett Marsh East-West Transect: Logarithm
of Hydraulic Conductivity (LOG K) vs. Relative
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east-west transect would show such a strong relationship while the
north-south_ transect shows only a weak. one. It may, however, be
related to the fact that the east-west transect runs perpendicular
to Black Beach and the north-south transect runs approximately
parallel to it. As a result large changes in RD may be dominated
by changes in mineral content over the east-west transect while
the mineral content over the north-south transect may be relatively
constant. If this is the case then it would appear that the
hydraulic conductivity of the Sippewissett peat may be more sensi-
tive to the effects of mineral content than to other factors
which affect relative density, such as decomposition and auto-
compaction.
2.3.2 Great Sippewissett Core Data-Peat Properties vs.
Gross Salt Marsh Characteristics
While it is important in any study of subsurface. water
flow to determine how the soil properties vary with depth it is
equally important to investigate the horizontal variability of
these properties. Relationships between peat properties and
gross salt marsh characteristics such as distance from creek,
grass height, and location in the marsh relative to the barrier
beach were investigated utilizing the core data from Great
Sippewissett Salt Marsh.
The investigation of marsh-wide peat property variability
does not require the resolution needed for detailed depth
analysis.. As a result, each- salt marsh station was broken down
into 4 zones; consisting of averaged peat properties. These 4 zones
are 1) the surface peat, 2) the medium depth. peat, 3) the deep peat,
and 4) the sand. It has been shown that for water flow which is
perpendicular to soil layers the appropriate method of attaining
an equivalent hydraulic conductivity for the zone is to take the
harmonic mean of the hydraulic conductivities from each depth
increment of which the zone is composed (Bouwer, 1969). See
Figure 2.22 for the derivation of this equivalent hydraulic cond-
uctivity. The conductivity, K, value which was measured in
the laboratory is truly the K for vertical flow. In actuality,
however, horizontal flow may indeed be important especially near
the creek banks in which case the arithmetic mean for parallel
flow or the geometric mean for a combination of parallel and
series flow would be more appropriate for determining the equivalent
zone conductivity. This analysis., since it is based on peat core
data, is limited and the conclusions restricted to vertical flow
in the salt marsh.
The equivalent hydraulic conductivity for the surface
zone was determined by taking the harmonic mean of all of the K
values down to approximately 30 cm below the marsh surface. The
objective behind this procedure was to insure the inclusion of
the entire root zone. According to Valiela et al. (1976), the
living roots and rhizomes extend to a maximum depth of approxi-
mately 15-20 cm in Great Sippewissett. While the surface peat
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Fig. 2. 22 Derivation of Equivalent Hydraulic Conductivity (K EQ)
zone extends to a depth greater than the reported rooting zone the
harmonic mean preserves the low permeabilities of the rooting zone. If
the higher K zone is penetrated the harmonic mean will be relatively
insensitive to the high K in the presence of a low K zone above it.
The next zone is the medium depth peat zone. This is
bounded above by the surface peat and extends to the depth at
which there is an order of magnitude decrease (or increase) from
the maximum (or minimum) K in this. zone. This boundary was chosen
in an effort to define zones in which the hydraulic conductivity
does not vary by greater than an order of magnitude. The deep
peat zone is bounded by the medium peat from above and by the
sand beneath. The sand was identified visually since it was
always quite clear where the transition from organic to inorganic
material occurred.
Using these 4 peat zones an equivalent (averaged) peat
core was determined for the Great Sippewissett Salt Marsh. These
averaged properties are given with their standard deviations in
Table 2.2. It should be noted that stations which failed to show
a three zone permeability/depth structure were not included in
the marshwide averaging. These stations were STA7EW (Panne),
STA2NS (located on a knoll of inorganic sediment), STA3CNS (struc-
ture disrupted-bioturbation?), and STA8EW (bordering the Black Beach
sand dunes - high sand content). This equivalent peat core
(excluding the sand zone) is used in Chapter III as input for one
of the numerical simulations.
TABLE 2.2 - Averaged Peat Properties
for Great Sippewissett Salt Marsh
Depth(m)
Surface Peat 0.344
Medium Peat 1.114
Deep Peat 1.077
Sand 1.507
Note: Depth
KD
RD
St.D.
St.D.
0.089
0.641
0.390
0.596
K(cm/sec)
7. 19x10~4
6.44x10-3
1. 79x10-3
2.54xl0- 3
St.D.
0.0015
0.0095
0.0045
0.0035
RD
1.069
1.158
1.476
1.720
St.D.
0.054
0.159
0.300
0.250
= distance from marsh surface to bottom of zone.
= marshwide average of zone equivalent hydraulic
conductivities.
= marshwide average of the mean zone relative densities.
= standard deviation.
In any salt marsh atudy the distrihution of vegetation
is, an interesting question. Why, for example, does: Spartina
alterniflora, tall form occur only- close to the creeks? It is
reasonable to assume that salt marsh hydrology plays a role in
this vegetation zonation. With this in mind, it was decided
to consider the possibility of a relationship between grass height
(GH) and some peat properties. Table A-2 presents the following
information on the zones of each station in Great Sippewissett
Salt Marsh: depth of zone, logarithm of the zone equivalent
hydraulic conductivity (log K1, the zone averaged relative density
(RD), the distance of the station from the nearest major creek
(DFC), and the grass height (GH) measured at the station.
Table 2.3 presents the correlation statistics on
various salt marsh properties. The correlation coefficients calcu-
lated for log Ks, RDs, and DFC vs. G in all three cases were not
significant. It appears that there is no strong relationship
between either the logarithm of the conductivity or the relative
density of the peat with the height of the living grass at these
locations in Great Sippewissett. However, lack of significant
correlation between grass height and distance from creek is
probably an artifact of the station locations since it is well
known that Spartina alterniflora, dwarf form occurs farther back
from the creek than the tall form. Since the living roots do not
extend into the zones beneath the surface zone this analysis was
not repeated for the medium, deep, and sand zones.
TABLE 2.3 - Correlation Coefficients for Peat Properties
and Gross Salt Marsh Characteristics
Correlation Coefficients/Probability/Number of Observations
DFC
Log K
s
-0.277
0.283
17
-0.249
0.353
16
RD
S
Log K 0.051
0.852
16
0.050
0.865
RD
m
Log Kd
RD d
Log K sd
RD
-0.477
0.045
18
0.297
0.231
18
0.159
0.543
17
-0.453
0.068
17
-0.043
0.869
17
0.006
0.985
15
0.165
0.672
9
-0.281
0.500
8
-0.081
0.783
14
-0.224
0.563
9
-0.301
0.276
15
-0.397
0.290
-0.358
0.310
With- regard to peat properties vs. distance from creek
both log K and RD showed no significant correlation with distance
from creek for all 4 of the zones. However, there was a significant
negative correlation between the averaged relative density of the
surface zone and log K . The calculated correlation coefficient
was -0.4769 with a probability of 0.045. This correlation was
not observed for the medium, deep, and sand zones (see Table 2.3).
In an effort to determine how these peat properties vary
with location in the salt marsh- and specifically relative to the
barrier beach log K and RD were plotted against station for b.oth
the east-west and north-south transects. Fig. 2.23 shows a slight
tendency for the hydraulic conductivity to increase in the surface
and medium zones as one proceeds westward toward the barrier beach.
The relative density of the surface zone shows a definite increase
as the stations approach Black. Beach (see Fig. 2.24). Note,
however, the relatively low density of the surface peat from the
salt marsh panne (STA7EW). While the surface zone shows an
increase in the density with increasing proximity to the beach the
trend is not obvious in the other 3 zones. This may reflect an
increase in the mineral content of the surface zone due to sand
transport by wind and/or the tides. The sediment load may be
deposited as the velocities of the transport mechanisms are reduced
by the grass resistance.
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It is difficult to see any trends in the plots of log K
and RD vs. station for the north-south_ transect (see Figs. 2.25 and
s
2.26). The apparent random fluctuations of density may reflect the
fact that the north-south transect runs- approximately parallel to
the barrier beach.
2.3.3 Ebben's Creek Core Data
A listing of the Ebben's Creek core data including the
station number, depth of sample, distance of sample above the
clay basement, hydraulic conductivity, logarithm of hydraulic
conductivity, relative density, specific yield, and presence
of reduced sulfur gas is given in Appendix B. The first item
to note about this data is that the peat is much deeper than the
peat in the Sippewissett Salt Marsh. Figure 2.27 is a cross-
section of the Ebben's Creek transect showing depth of peat,
approximate grass heights, creek and station locations. The
maximum depth of peat sampled at Ebben's Creek is approximately
4.3 m while the maximum depth at Sippewissett was approximately 2.5 m.
Plots of the logarithm of hydraulic conductivity vs.
distance above the inorganic basement were constructed from this
core data in an effort to expose any conductivity trends as were
found in the Sippewissett Salt Marsh. The hydraulic conductivity
data consists of values ranging from 1.1 x 10-6 cm/sec to
6.1 x 10-2 cm/sec. This range of values is very similar to that
found in Great Sippewissett. Another similarity between the two
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Fig. 2.25 Great Sippewissett Marsh North-South Transect:
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marshes is the relatively low hydraulic conductivity found in the
surface peat. It should 5e noted that < 5 mm of infiltration
over a tidal cycle was: measured near each of these stations
(Burke et al., in review).
While the root zone at Eb.ben's Creek marsh exhibits
hydraulic characteristics similar to the root zone at the
Sippewissett Salt Marsh the rest of the peat profile is quite
different. The hydraulic conductivity appears to fluctuate
more or less randomly with depth in this marsh. Figures 2.28 and
2.29 are plots of log K vs. distance above the clay (DAC) for 2
of the Ebben's Creek stations. STA2NSH exhibits a 3 order of
magnitude fluctuation in conductivity over a 75 cm interval. It
is felt, based upon laboratory observations, of the peat cores,
that this conductivity distribution may be due to inclusions of
small clay layers in the peat. As was seen in the Sippewiss.ett
core data the relative density of the peat may reflect in a crude
manner the inorganic or mineral content of the samples. If this
holds true for clay as well as sand and silt the existence of
the hypothesized clay layers may be detected by a fluctuation of
relative density with depth as opposed to the fairly constant
increase found in Great Sippewissett Marsh. The relative density,
RD, data presented in Appendix B suggests that indeed this fluctu-
ation exists.
As with the Sippewissett peat samples the presence of
reduced sulfur gas was noted for the Ebben's Creek cores. There
3 .i i I i i i
3.3-
E I I II|---III
5.0
Fig. 2.28
-4.5 -4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0
LOG K (cm/sec)
STA2NSH: Logarithm of Hydraulic Conductivity (LOG K)
vs. Distance Above the Clay (DAC)
3.0-
2.7-
24-
2.1-
1.8-
1.5-
1.2-
0.9-
0.6-
0.3-
0.0
1.00-
0.75-
0.50-
025-
0.00 i
-6.0 -5.5 -5.0 -4.5 -4.0 -3.5 -3.0 -2.5 -2.0 -1.5
LOG K (cm/sec)
Fig. 2.29 STA4NSH: Logarithm of Hydraulic Conductivity (LOG K)
vs. Distance Above the Clay (DAC)
is. a consistent pattern of the sulfur gas, odor heing present in
the. surface peat corresponding to the root zone and absent in all
of the deeper samples (see Appendix B). This. is similar to the
pattern detected in the Sippewissett peat cores.
While the specific yield data from Ebben's Creek marsh
is fairly sparse it is nevertheless possible to see that a
positive relationship exists between the logarithm of hydraulic
conductivity and specific yield (see Fig. 2.30). The correlation
coefficient for this relationship was calculated to be 0.6520 with
a probability of 0.0008. This is clearly a significant correlation.
The peat core data from Great Sippewissett demonstrated
a significant negative correlation between the logarithm of hydraulic
conductivity and the relative density. In an effort to determine
whether this relationship also exists. in the Ebben's Creek data
these two properties were plotted against one another in Figure 2.31.
A negative relationship appears to exist. The correlation coefficient
was calculated to be - 0.3994 with a probability of 0.0001 which
indicates significance.
A summary of the correlation coefficients calculated
for the relationships between the logarithm of hydraulic conductivity
(log K), the specific yield (S ), and the relative density (.RD) for
both marshes is given in Table 2.4. Note that in all cases there
exists no significant correlation between the specific yield and
relative density of the samples. It is clear that a positive
relationship exists between log K and S . This suggests that pore
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TABLE 2.4 - Correlation Coefficients for Peat Properties
from Great Sippewissett and Ebben's Creek Salt Marshes
Correlation Coef ficients/Probability/Number of Observations
Sip. E-W
Log K -0.77347
0.0001
0.66150
0.0006
23
-0.40728
0.1672
13
Sip. N-S
Log K -0.26033
0.0427
0.56302
0.0001
53
0.09054
0.5995
36
Eb. Cr.
Log K -0.39940
0.0001
110
0.65200
0.0008
23
0.26389
0.2237
All Data
Log K -0.29763
0.0001
196
0.63244
0.0001
99
-0.02822
0.8140
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size may indeed be an important factor in determining the
hydraulic conductivity of the peat. The conductivity of the peat
samples from the east-west transect of Sippewissett shows a
strong negative correlation with the. relative density while the
north-south transect and Ebben's- Creek data show significant but
only slightly negative correlations. The Ebben's Creek data may
reflect phenomena related to the clay content of the peat. For
example, very small amounts of clay in the peat sample may change
the hydraulic conductivity drastically while having only a small
effect on the relative density of the sample.
2.3.4 In Situ Hydraulic Conductivity Test and Salinity Analyses
In situ hydraulic conductivity tests were performed
at STA4EW, STA5EW, STAlNS, STA2NS, STA3ANS and STA3CNS of the
Sippewissett Salt Marsh and at STAlNSH through STA5NSH of the
Ebben's Creek Salt Marsh. The results of these tests~ are presented
in Appendix C.
The tests were performed over 30 cm depth intervals
while laboratory conductivity tests were generally performed on
peat segments of shorter length. In an effort to compare the
results of these two methods of testing it was necessary to
average the hydraulic conductivities measured in the lab for the
segments which compose each depth interval of field testing.
Both the arithmetic and harmonic means were employed for this
purpose. The data presented in Appendix C includes the following:
the station numher, depth of measurement, the harmonic mean of
the laboratory measurements of hydraulic conductivity (HK), the
logarithm of HK (log HK), the arithmetic mean of the lab
measurement of K (AK), the logarithm of AK (log AK) , the field
measurement of K (FK), the logarithm of FK (log FK), and the
salinity. The depth. which is given in this presentation represents
the base of the field test. For example, a depth of 0.3 meters
represents the results of a field test performed over the interval
of 0 - 30 cm.
Figures 2.32, 2.33, and 2.34 present depth profiles of
in situ hydraulic conductivity test results from a Sippewissett
east-west transect station, a Sippewissett north-south transect
station, and an Ebben's Creek station, respectively. These plots
all show a decrease in hydraulic conductivity with depth. It
should be noted again that at depths greater than 1.2 meters it
was difficult to obtain reproducihle results because of screen
clogging. Since the reliability of the results from these deep
in situ tests is questionable they have not been used in the
following analysis.
As a test of the reliability of the hydraulic conductivity
measurements a statistical analysis was performed to see if the
field measurements of K at depths < 1.2 meters correlate with the
laboratory measurements. Note, however, that the field hydraulic
conductivity test procedure which was utilized is one which
measures primarily horizontal conductivity while the laboratory
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procedure measures. vertical conductivity. In the case of an aniso-
tropic porous media the horizontal conductivity may be signifi-
cantly different from the vertical. Also, while the field
measurement locations were usually within 1-2 meters of the coring
sites, discrepancies in conductivity may be a result of horizontal
peat property variability. Figures 2.35 and 2.36 are plots of
the logarithm of the harmonic mean of the laboratory conductivity
data (log HK) vs. the logarithm of the field conductivity data
(log FK) for the Sippewissett north-s-outh transect and all of the
field stations (Sippewis-sett and Ebben's Creek marshes), respectively.
The correlation coefficients which were calculated for these measure-
ments are given in Table 2.5. As one can see from these statistics
there is a significant positive correlation between the laboratory
and the field measurements of hydraulic conductivity.
The fact that th-e piezometer method used in these in situ
tests measures primarily horizontal hydraulic conductivity and the
laboratory method measures vertical conductivity a regression
analysis may be employed to determine the ratio of these two
conductivities in salt marsh peat. Note, however, that caution
must be employed when interpreting a comparison of the results
from two different methods..
A regression was first performed on the data from the
north-south transect of Great Sippewissett Salt Marsh. The
harmonic mean of the laboratory hydraulic conductivity data was
employed because it is appropriate for flow perpendicular to
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TABLE 2.5 - Correlation Coefficients for Laboratory
vs. Field Measurements of Hydraulic Conductivity
Correlation Coefficients/Probability/Number of Observations
Sip. N-S Log HK Log AK
Log FK 0.66688 0.72966
0.0498 0.0257
9 9
All Data
Log FK 0.57998 0.49246
0.0030 0.0145
24 24
Note: HK = the harmonic mean of the lab. measurements of K(cm/sec).
AK = the arithmetic mean of the lab. measurement of K(cm/sec).
FK = the field measurement of K(cm/sec) .
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layers as, in the case of vertical flow. The slope of the line of
regression for this data was calculated to be 0.77 suggesting
that the ratio of vertical to horizontal hydraulic conductivities
at depths < 1.2 m in the Sippewissett Salt Marsh is given by
Ky / K= 0.77.
A regression was also performed on the Ebben's Creek
hydraulic conductivity data in an effort to determine whether these
two salt marshes exhibit similar anisotropies. Again, only the
data from depths less than 1.2 meters were utilized for this
analysis. The slope of the line of regression for the harmonic
mean of the laboratory conductivity data vs.. the field conductivity
data was calculated to be 0.39. This is an estimate for the
ratio of vertical hydraulic conductivity to horizontal hydraulic
conductivity in the Ebben's Creek Salt Marsh; K v KH = 0.39.
A comparison of the estimated conductivity ratios
demonstrates the existence of conductivity anisotropy, the magnitude
of which differs largely between the two marshes. While the
horizontal hydraulic conductivity in the Great Sippewissett Salt
Marsh is only about 1.3 times the vertical, the horizontal
conductivity at Ebben's Creek is 2.6 times the vertical. this
tends to support the hypothesis that small clay layers exist within
the peat column at Ebben's Creek Marsh and suggests that they may
severely limit vertical flow.
As was mentioned in section 2.2.4 samples of water were
collected at each depth during the in situ hydraulic conductivity
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tests for the purpose of salinity determination. This data is.
pres.ented in Appendix C. Figure 2.37 is a plot of salinity vs.
depth for the north-south transect of Great Sippewissett Salt
Marsh. This figure shows a definite decrease in salinity with
depth at these stations. The correlation coefficient for this
relationship is -0.84291 with a probability of 0.0001. The correl-
ation is, therefore, a significant one. Figure 2.38 is a plot of
salinity vs. depth from the east-west transect in Great Sippewissett.
The correlation in this case is not significant. However, it is
useful to observe the trend at each station. The salinity does
consistently drop off with depth.
Salinity measurements were made at all of the Ebben's
Creek field stations, also. Figure 2.39 presents the salinity
vs. depth profile for these stations. As was the case with the
data from the Sippewissett east-west transect the correlation of
all of these salinity values with depth is not significant
(correlation coefficient = -0.35742, Prob. = 0.0619). However,
individual stations do show a negative relationship between
salinity and depth.
It is interesting to note that at the Great Sippewissett
Salt Marsh the salinity measurements range from a minimum of 1 ppt
to a maximum of 37 ppt with a mean of 17.3 ppt while at Ebben's Creek
Marsh the salinity values range from 15 ppt to 37 ppt with a mean of
27.2 ppt. This implies that the fresh groundwater system exerts
a greater influence on the Sippewissett Salt Marsh than on the
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Ebben's Creek Salt Marsh. Again, this.may be related to the
relatively impermeable nature of the clay which underlies the
Ebben's Creek Marsh possibly impeding vertical flow from the
groundwater sys-tem. On the other hand, the Sippewissett Marsh is
underlain by relatively permeable sand; a condition which would
not tend to restrict the influence of the regional groundwater
system.
2.4 Field Study Summary and Conclusions
1) Vertical hydraulic conductivity in the Great Sippewis-
sett Salt Marsh generally exhibits the following three zones:
(i) a low conductivity zone from 0 to 20 cm in depth which
includes the living roots and rhizomes of the salt marsh vegetation,
(ii) a higher conductivity zone extending nearly to the underlying
sand, and (iii) a sand/peat transition zone of low conductivity.
This conductivity structure appears not to occur at locations
within 1-2 meters of the creeks due possible to the effects of
bioturbation.
2) The logarithm of hydraulic conductivity is positively
correlated with specific yield and negatively correlated with the
relative density of peats from both Sippewissett and Ebben's
Creek marshes. In addition, it appears that the low hydraulic
conductivity measured at the surface of salt marsh peats may be a
general phenomenon related to the occurrence of a rooting zone.
3) The logarithm of hydraulic conductivity and the
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relative density of Sippewiss-ett Salt Marsh peats show no
significant correlation with the height of the salt marsh grass
or distance from the creek banks. There does appear to be a
relationship between relative density and location relative to
the barrier beach, however. This suggests that in the Sippewissett
Salt Marsh relative density may be a crude indicator of mineral
content in the peat.
4) Differences in the peat properties between the Great
Sippewissett and the Ebben's Creek Salt Marshes appear to be
related to the nature of their respective inorganic basements.
While Sippewissett is- underlain by sand Ebben's Creek Marsh is
underlain by clay. The clay vs. sand basement results in reduced
groundwater influence as shown by salinity measurements.
5) The hydraulic conductivity appears to be anisotropic
in varying degrees between the two marshes. At Sippewissett the
horizontal conductivity is slightly larger than the vertical while
at Ebben's Creek the horizontal conductivity is: more than twice the
vertical. This may be related to the existence of clay lenses at
various depths in the peat at this marsh. It appears that vertical
flow may play a much larger role in the Sippewissett Salt Marsh
than in the Ebben's Creek Marsh.
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III. A 1-Dimensional Numerical Model for the Subsurface
Flow in a Salt Marsh Ecosystem
The knowledge of peat properties is a prerequisite for
achieving an understanding of the subsurface flow through salt marsh
ecosystems. One way of extracting useful information from field
data is to predict the response of a system by utilizing a numerical
model which has been created from basic principals and sound assump-
tions. These predictions are then compared with field measurements
in an attempt to confirm the reliability of the system's concept-
ualization. This chapter consists of the application of a 1-dimen-
sional saturated-unsaturated numerical flow model to a vertical column
of salt marsh peat in an attempt to determine the hydrologic response
of the column to a tidally driven piezometric head variation.
Narasimhan and Witherspoon (1978) analyzed an experiment
in which water was drained from a 1-dimensional soil column conducted
by Liakopoulos (1965). In the first five minutes of the experiment
the observed fluid pressure ($) was everywhere $A < $ < 0, where
$A = the fluid pressure necessary for air to enter and desaturation
to begin. If the solid matrix was rigid this meant that no drainage
could have occurred during the first five minutes. Experimental
observations indicated, however, that drainage did occur. Narasimhan
and Withers-poon (1978) claim that during the first five minutes
the drained water was released from storage by a slight deformation
of the soil skeleton and a consequent decrease in void volume.
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In light of the compressible nature of peat it appears
to be quite possible that deformation of the soil matrix is import-
ant in the analysis of groundwater flow through peat. While Cooley,
1971; Freeze, 1971; Narasimhan, 1975; Neuman, 1973; and Vauclin
et al., 1974, all developed models which include flow in both the
saturated and the unsaturated domains they do not carefully treat
deformation in the partially saturated soil. Narasimhan (1979),
however, claims that there is no a priori justification to believe
that a soil may not deform when undergoing desaturation. In the case
of fine sands, silts, clays, or organic soils, deformation
might not be negligible.
Narasimhan and Witherspoon (1977) have developed an
integrated finite difference model for numerically solving
the governing equation of saturated-unsaturated flow in deformable
porous media. This work utilizes their model to calculate the
distribution of piezometric head in a vertical column of hetero-
geneous peat in response to a time varying potential designed to
simulate a tidal forcing function. One of the questions which will
be addressed is whether or not the column undergoes desaturation
as the potential drops, i.e. as the tide recedes, and if so,
to what extent. A second question is one of flow. How much flow
occurs in the column of peat in response to the tidal forcing
function? The model calculates as output the piezometric head at
each nodal point. Consequently, one is able to observe gradients
in piezometric head with depth over a simulated tidal cycle.
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Knowledge of the piezometric head gradient and the hydraulic
conductivity of the peat enables one to calculate the magnitude
and direction of the resulting flow.
3.1 Theory
The numerical model developed by Narasimhan and Wither-
spoon simulates saturated-unsaturated groundwater flow in which
the deformation of the soil skeleton is handled according to
Terzaghi's (1925) 1-dimensional consolidation theory.
Narasimhan and Witherspoon (1977) developed the model
from basic physical principals. The equation of mass conservatio
expressed in integral form is as follows:
4. 4
-fp q -n dr =S p edV (3.Sw r Dt V w
where, q = vector flux density of water relative to the
soil grains (Philip, 1969), (L/T).
D
= material derivative
t
T w
6
V
n
By averaging
-f F
= surface bounding a finite subregion (L 2
3
= mass density of water (M/L ).
= volumetric moisture content.
= bulk volume of a finite subregion (L 3
= unit outer normal.
p and 0 over the small volume element, V, one obtains:
P q. n dF= - (P wV) (3.2)
w r Dt w
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1)
n
Darcy's Law as- given by Philip (1969) is:
q = -(kpwg/yP)7(z + $) (3.3)
where, k = absolute permeability (L2 ).
g = gravitational constant (L/T 2
-p = coeff. of viscosity (M/LT) .
z = elevation head (L).
= pore water pressure given in equivalent ht.
of water (L).
Note that # = z + $ = piezometric head.
Narasimhan and Witherspoon make the following assumptions:
(i) Dz = 0; i.e. z is fixed during the time interval, and
Dt
(ii) p,, V, n, and S are functions only of $(justified from
empirical considerations) where:
n = porosity = vol. of voids/ bulk volume,
S = degree of saturation, and
e = nS.
Introducing Darcy's Law and writing the equation with pore
pressure as the independent variable equation (3.2) becomes:
k p w k gdDfV pkw (z+$) - -ndr= -j$(p VnS) D (3.4)
r Pw yP d w Dt
The coefficient on the right hand side has been called the
fluid mass capacity. It may be expanded in the following manner:
d dpw d(Vn) dSM = -- (p VnS) = VnS --- + p S -n+ Vp (3.5)
c dd w d wn dip
The three terms on the right represent three distinct physical
phenomena. The first represents the ability of water to expand
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due to changes in hydrostatic pressure. The second term
represents the deformability of the soil skeleton, and the third
term represents desaturation of the proes.
Narasimhan and Witherspoon (1977) manipulate each of
the above terms in the fluid mass capacity expansion in order
to obtain a more useful form. The first term is modified using
the equation of state:
pw =o 0 p [(p-p0 )] (3.6)
where; p = mass 3density of water at atmospheric pressure
(M/L ).
S = coeff. of compressibility of water (LT2/M).
2
p = hydrostatic pressure (M/LT2
2
pO = reference pressure (M/LT ) = 0.
Since water is only slightly compressible they make the
approximation, pp wog$ , and equation (3.6) becomes,
P = P exp(SP 0 1 (3.7)
The first term of the expansion can now be written as follows:
dp
VnS w = VnSp p Sg = V eSp p 5g (3.8)dipw wo s w wo
since Vn = Ve,
where, e = void ratio = V/V s , and
V = volume of solids.
s
With regard to the deformation of the soil skeleton,
Narasimhan and Witherspoon (1977) modify the second term of the
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expansion using the Terzaghi Theory of Consolidation (Terzaghi,
1925). The assumptions inherent in this theory are:
1) The stresses acting on the boundary of the region
of fluid flow remain constant.
2) The pore water pressure is hydrostatic and a
change in the pore pressure affects only the normal
stress components of the stress tensor.
3) If the lateral dimensions of the flow domain are
large in comparison with the vertical, then one
may assume that change in volume is only caused by
changes in vertical stresses.
Terzaghi introduced the concept of effective stress, i.e.
the stress effectively acting on the soil skeleton:
a' = U-y (3.9)
where a' and a denote effective stress and total vertical stress,
respectively; y is the specific wt. of water, and$ is the pore
pressure head. If we assume that a, the total stress, remains
constant with time, then any change, A$, in pressure head is
fully converted to an equivalent effective stress: M'=-y '
While this relationship holds in the case of fully saturated soils,
soil engineers (Robinson and Holland, 1970; Skempton, 1954)
have found that it does not strictly hold for partially saturated
soils. In these soils, where pore pressure is only partially
convertible to mechanical stress, Bishop (1960) and McMurdie and
Day (1960) proposed the following modification of equation (3.9):
CY= o-XY $ 0 < X < 1.0 (3.10)
where,X has been named Bishop's parameter. X has a strong non-
linear relation to saturation which must be experimentally determined
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for each soil. Using equation (3.8) and assuming the total
stress to be constant, Narasi-mhan and Witherspoon (1977) arrive
at the following expression for the second term of the expansion:
d(Vn) = -V de (3.11)
dip = yw)( da'
where, X' = (X+$ ).dip
For the case under study, i.e. salt marsh peats, it
was assumed initially that the peat remained saturated or close
enough to saturation to use X= 1.0. This assumption was based
upon field observations and the well documented property of peat
to hold water (Boelter, 1964; Boelter and Blake, 1964; MacFarlane
and Allen, 1963; Boelter and Verry, 1977).
The second term of the mass capacity equation requires
relationship between e, void ratio, and a', effective stress.
Uniaxial loading experiments are usually performed in the labora-
tory in an attempt to simulate field loading of the type being
considered here. Figure 3.1 is an example of the relation of e,
void ratio, to log o', log effective stress, for a soft clay
which underwent uniaxial testing. (Narasimhan and Witherspoon,
1977). Point B represents the state of the soil in situ at
sampling time and is called the preconsolidation stress of the
sample. A to B represents the "reloading" curve since the
sample has already experienced stresses of greater magnitude in
the field. As the laboratory loading is increased further the
void ratio decreases along BC which is called the "virgin compres-
sion" curve. At C further loading is stopped and a gradual
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unloading is commenced. The sample moves along CD which is
called the "swelling" or "rebound" curve. If the sample were
reloaded at D it would move back to C showing a small hysteresis
which is usually neglected. The nonelastic behavior exhibited in
this figure is found in clays, sands, and organic soils.
In the case of salt marsh peat the fluctuation of the
water table due to the tides means that the underlying soil
strata are periodically loaded and unloaded. Consequently,
it is clear that the portion of the e vs. log a' curve of
interest in this problem is s-egment AB, i.e. the "reloading"
curve. The slope of the best fitting straight line is called
the "compression index", C. By introducing the "compression
index into equation (3.11) Narasi-mhan and Witherspoon (1977) arrive
at the final expression for the second term of the mass capacity
expansion,
P S d(Vn) = PSYwX'C (3.12)
w d$ 2.303 a'
The third term of the mass capacity expansion describes
the desaturation of the soil pores. It is well known from
laboratory studies that at S< 100%, $ takes on negative values.
A saturated soil will not physically desaturate as suction
(-$ ) is applied until the applied suction exceeds a critical
"air entry" value, $A' which is a function of the maximum pore
diameter of the soil. In the range $ A<$<O the soil remains
saturated but has a negative pore pressure. Once = $ A the S vs. $
relation follows a drying curve. If the process is reversed a
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hysteresis effect results. The relationship between S and $
under wetting and drying conditions is a complex one which depends
on the saturation history of the sample. The last term of the
expansion is given as:
Vp n S = V p e (3.13)
w d$ s w d$
where Vn = eVs (Narasimhan and Witherspoon, 1977).
With regard to permeability, the model restricts itself
to isotropic materials in which k is a scalar. Under conditions
of partial saturation, k = f($) and the relationship may show a
hysteresis. In saturated systems k = f(c'). Lambe and Whitman
(1969) have experimental data showing a linear relationship between
e, void ratio, and log k. In light of this data one possible
relationship is:
k = k exp [ 2.303 (e-e ) (3.14)
Ck
where Ck is the best-fitting straight line for e vs. log k. The
model also allows a tabulation of k vs. a' or simply constant
permeability as input.
The complete governing equation for water movement in a
deformable porous medium given by Narasimhan and Witherspoon
(1977) is:
rDw wVz+$)-ndr +G=M (3.15)
P c Dt
where G = a source term, and
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M = V p (Sep g + SYwx'C + e dS
2.303 a' d#
p , k, V, S, n, XT', and e are all f($).
In the numerical model the nonlinear equation is quasi-
linearized by treating the $-dependent coefficients as step
functions in time. Since the volume element, V, bounded by F
has a constant solid volume, Vs, and a variable volume of voids,
V , spatial relationships are also treated as step functions
in time.
3.2 Description of Simulated Peat Column
This project will utilize Narasimhan and Witherspoon's
(1977) model, the theory of which was described above, to attempt
to simulate the response of a column of peat located far enough
back from the creek to minimize error due to lateral flow. It
is evident from the previous discussion that many properties of
the porous media are required as input to the model.
An extensive field study of the Great Sippewissett
Salt Marsh located in Falmouth, Massachusetts is in progress.
Tasks which have been completed include the removal of peat
cores from the surface to the sand beneath the peat at 19 locations
in the Sippewissett Marsh. Hydraulic conductivity tests were run
on the samples with minimal disturbance (the cores were not
extruded from their core liners) using a variable head permeameter
(Lambe, 1951). This method of testing enabled a hydraulic
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conductivity measurement to be made on sample increments approximately
15 cm in length resulting in a record of the variability of hydraulic
conductivity with depth for each station (see Chapter II).
Analysis of the results of these tests have revealed a three
layer system at most of the locations. The hydraulic conductivity
is generally very low from the surface to approximately 20 cm
below the surface. This zone includes the region of living roots
and rhizomes of Spartina alte-rniflora which have been observed
down to a depth of 15-20 cm in the Sippewissett Salt Marsh
(Valiela, Teal, and Persson, 1976). The next zone is a region of
high conductivity -- from 1 to 3 orders of magnitude greater
than the surface zone. It has been hypothesized that this region
of high conductivity may be due to a channeling effect created
by dead rhizomes. The third or deep zone occurs when sand begins
to grade into the peat. The sand is very fine grained and may act
as a clogging agent. The hydraulic conductivity in this zone has
been found to be very low relative to the values measured at
middepth. Figure 3.2 is a plot of hydraulic conductivity vs.
depth at two locations showing this three zone system.
Data was used from a station which was located far from
the creek and which exhibited this typical conductivity/depth
profile. The column of peat was simplified into three distinct
conductivity zones. The values of hydraulic conductivity were
obtained by taking the harmonic mean of the increment values of
each zone. The harmonic mean has been shown to be appropriate
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when flow is perpendicular to layers of different conductivities
(Bouwer, 1969).
While it is possible and desirable to input the permea-
bility as a function of effective stress and/or void ratio in
saturated systems and as a function of pore pressure in partially
saturated systems neither were done in this case. Sufficient
data is not available at this point in time to provide accurate
relationships for the peats under consideration. However,
assuming that volume change in the salt marsh occurs only as a
result of the rising and falling tides, a process which has been
repeated many times, the stresses being imposed upon the peat are
less than or equal to the maximum stress ever experienced by the
material. As the tide recedes the stress increases and the
void ratio decreases along the "reloading" curve, i.e. curve AB
of Figure 3.1. Due to the nonelastic behavior exhibited by organic
soils it is reasonable to assume that the void ratio will not
change much over the course of a tidal cycle and the errors
introduced by assuming constant permeability may be small.
Field observations indicate that the peat far back from the creek
remains saturated or very close to saturation over a tidal cycle
suggesting that the assumption of constant permeability under
conditions of negative pore pressure may be a valid one.
Permeability is just one form of data needed to run the
model. Quantitative information about the deformation properties
of the soil is necessary, also. Another phase of the Sippewissett
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peat core study consists of uniaxial loading experiments
presently being conducted in the laboratory (Nuttle, personal
communication). The consolidation test procedure being used is
from Lambe (1951). These tests have been running for only a short
while and the quantity of data is barely sufficient for this
project. However, utilization of the available data as input to the
model may be useful as an indication of the system's sensitivity
to these deformation parameters.
An example of the results of one of these tests is given
in Figure 3.3 This is a plot of void ratio vs. log effective
stress. The line with the smallest slope is the appropriate one
for this work since it represents peat in the state of over-
consolidation which one would expect to find under field conditions.
The slope of the best fitting line is determined. This corresponds
to C, the "compression index," described by Narasimhan and
Witherspoon (1977). The coefficient of compressibility, av'
is the slope of the void ratio vs. effective stress curve and
may be calculated using the following expression (Narasimhan and
Witherspoon, 1977):
a = C/2.303 a'
v
It is this coefficient of compressibility, av, as well as a
reference void ratio, e0, and its corresponding effective stress,
a'o , that are required as input to the model for this problem.
The numerical model requires dS/d$ to be tabulated as
a function of $. Data in the form of a plot of degree of
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saturation vs. negative pore pressure (or suction) describes
the soil's ability to absorb or release water from storage.
Suction tests have not been performed on the samples of peat
obtained from Great Sippewissett Salt Marsh. As an alternative
the literature was consulted in order to get a "ball park"
estimate of this relationship for peats. Work done by Dasberg
and Neuman (1977) provided this estimate. They conducted
laboratory and field studies concerned with mechanical and hydraulic
properties of peat in the Hula Basin, Israel. One of these
studies emphasizes water retention under unsaturated conditions.
While the peats were freshwater peats in contrast to the salt
marsh peats under consideration here many of the properties remain
the same. As a check, specific yield measurements obtained from
the Sippewissett peat samples were compared with the data
obtained from Dasberg and Neuman (1977). Figure 3.4 shows a
plot of saturation vs. negative pore pressure for peats from
three different depths utilizing data from Dasberg and Neuman (1977).
They claim that a suction of 0.1 bar (1.0 m of H20) represents
"field capacity" and is used in calculating specific yeild. The
three points superimposed on the curves are the calculated degree
of saturation values from the specific yeild measurements of three
Sippewissett peat samples taken from the proper permeability zones.
They lie at saturations slightly higher than the values from
Dasberg and Neuman indicating that utilization of the Hula Basin
data may overestimate the ability of the Sippewissett peat to
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release water. However, due to the lack- of a feasib.le alternative,
tables of pressure head vs. saturation were created from these
plots as inputs to the model. As mentioned previously, field
observations- indicate that the peat remains saturated or very
close to saturation over a tidal cycle. If this is the case,
any errors introduced by the inaccuracy of this relationship will
be small.
3.3 The Algorithm
Narasimhan et al. (1978) have adapted a powerful
computer code called TRUT, developed by Edwards in 1968, into a
computer code called TRUST for studying transient groundwater flow
in deformable porous media. TRUST combines the integrated finite
difference method with a mixed explicit-implicit iterative scheme
for advancing in the time domain. The discretization of the
governing equation was handled by Narasimhan et al. (1978)
in the following manner (see Figure 3.5). The governing equation
which was derived earlier is:
G +f pw kW w 7 (z + )nd = c (3.16)
y Dt
where, M s pw [Sep wg + Sy X'a + e dSc s w wo w -v e-
The integrated finite difference method considers a small region
of flow over which the variation of $ is not rapid. The properties
of this volume element are averaged and associated with its nodal
point, 1. The volume element is chosen so that the lines joining
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the nodal points is represented by a linear relation which is
independent of time. Therefore equation (3.16) becomes:
G +Z 0 kpwg (zM + ) - (z1 +$1) = M 1 (3.17)1 m w 11 d1m+dMl1,m c'lAty  + d lAt
1,m m,l
k and p are evaluated at the interface 1, between the elements.
When elements 1 and m are composed of different materials a
harmonic mean permeability and density are used in order to preserve
continuity of flux at the interface.
A mixed explicit-implicit iterative scheme is utilized
for advancing in the time domain. The explicit equation is stable
only for small time steps. In order to deal with this problem
Edwards (1968) devised a scheme to reclassify explicit elements
as implicit elements if At exceeds a critical value. One first
computes A$ explicitly for all the nodal points in the flow region
and then applies the implicit correction only for those elements
whose stability limit is exceeded by At. A detailed description of
this procedure is given by Narasimhan et al. (1978).
Time derivatives of $ are used to estimate the average
pressure heads during the time step, to evaluate the $ dependent
tabulated properties, and to obtain the first estimate of A$
for implicit elements to begin the iterative mass balance calcula-
tions. They are estimated on the basis of the system behavior
during the two previous time steps.
Boundary conditions are handled by utilizing surface and
boundary elements and controlling the surface conductance between
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them. TRUST is set up to handle the following boundary conditions:
(1) prescribed potential; (2) prescribed flux; (3) seepage face;
and (4) sources and sinks.
The accuracy of the solution can be hindered by trunca-
tion errors, convergence errors, and modeling errors.
3.4 Model Input Parameters
Narasimhan et al. (1978)'s computer code TRUST
was utilized to simulate the 1-dimensional response of a column
of heterogeneous peat to a tidal forcing function. The model peat
column was designed to represent an actual peat profile located
far enough away from the creek so as to minimize lateral influence.
The tidal forcing function simulating the tidally driven piezometric
head fluctuation in the sand beneath the peat was applied at the
base of the model peat column.
Piezometric head measurements were made at several loca-
tions in Great Sippewissett Salt Marsh during the summer of 1980.
These measurements were made in an effort to obtain information on
the actual subsurface movement of water in the salt marsh system.
The piezometer that was used consisted of a 1/8" pipe with a 6" long
well screen attached. The small diameter pipe is a necessity when
measuring piezometric head in hydraulically active coastal systems.
Because of the highly compressible nature of peat it was desirable
to eliminate the effects of peat compression by the observer
during measurement. Consequently, a low cost acoustical piezometer
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with a continuous recording device was designed and constructed
by H. Hemond (in press) for use in this and future field studies.
One of the piezometer stations was located 15 meters from the creek
and the piezometric head was monitored at 0.8 m, and 1.4 m depth.
The deep piezometer was located in sand beneath the peat. Peat
samples were not obtained from this exact location so the peat
properties had to be obtained from another station in Great
Sippewissett Marsh with similar properties. STA6EW was chosen
because of its similarity to the piezometric head station. It is
a station far from the creek bank with similar vegetation
(Spartina alterniflora, dwarf form), close proximity to the piezo-
metric head station, and comparable depth of peat.
A model column of peat 1.8 m deep was created for runs
#1 and #2 based on STA6EW with three distinct zones of permea-
bility as was described previously. The imposed forcing function
at the base of the peat column is a sinusoid with amplitude based
on the measured piezometric head in the sand beneath the peat
(see Figure 3.6). The coefficient of compressibility was obtained
from tests performed on a 0.24 m deep sample of peat from another
salt marsh station. All three peat zones were assumed to have the
same coefficient of compressibility due to lack of additional
data at the time of this run (a subsequent run will utilize more
complete compressibility data). A summary of the peat properties
and discretization is given in Figure 3.7).
The top boundary condition is one of no flux. This is
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based upon the findings of infiltration levels of less than 5 mm
over a tidal cycle in Great Sippewissett Salt Marsh (Burke et al.,
in review).
While the assumption of no infiltration is based upon
field measurements, the assumption of no flux is not strictly
true because of evapotranspiration. In order to crudely estimate
the effects of evapotranspiration on the flow through this column
of peat a sink (negative source) was imposed at node 1. This sink
was to represent a constant flux of water out of the peat column
due to evapotranspiration. Since evapotranspiration is a flux
which is highly dependent on climatic conditions it was desirable
to utilize data taken from the location of interest at the time
of interest, i.e. Great Sippewissett Salt Marsh in the months
of July and August. With this in mind, data obtained by Teal and
Kanwisher (1970) for the mid-day evaporative heat loss from
Spartina alterniflora of Great Sippewissett Salt Marsh in July
and August was used to calculate evapotranspiration rates ranging
from 0.4 to 1.59 cm/day. An average value of 0.6 cm/day was used
as input to the model in run #1. Run #2 differs from run #1
in that the flux due to evapotranspiration was set to zero.
Comparison of these 2 runs is useful as an indication of the
system's sensitivity to the magnitude of this surface sink.
As soon as more data became available concerning the
compressibility properties of the salt marsh peat it was used.
Run #3 has the permeability, saturation, and evapotranspiration
parameters the same as run #1. However, the coefficient of
compressibility and reference void ratios were as- follows:
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Peat # e a )(kg/m S Depth. of sample(m)
Peat 1 1.20 7.36x10 5  0.33
Peat 2 6.60 6.20x10 5  1.02
Peat 3 0.62 8.86x10 7  1.47
These values were not from STA6EW as would have been desirable
but they did come from stations in Great Sippewissett Salt Marsh.
More importantly they represent a contrast to the compressibility
parameters used in run #1, thus enabling one to ascertain the
sensitivity of the system to the deformation properties of the
salt marsh peat.
Run #4 is an attempt to determine the sensitivity of
the system to changes in the permeability structure of the core.
An averaged Sippewissett Salt Narsh core was created by averaging
the hydraulic conductivity data from each station by zone. In
other words, the harmonic mean of hydraulic conductivity was
calculated for all increments in the surface zone (to a depth of
0.300 m) of each station. The mean values from all similar stations
were then averaged resulting in a globally averaged value of
hydraulic conductivity for the surface zone of a peat core. This
procedure was repeated for the middle and deep zones of peat.
(See Chapter II). The averaged Sippewissett Salt Marsh core with all
of its properties is given in Figure 3.8. Note that the compressi-
bility parameters are the same as for run #3. A summary of the input
parameters for all 4 runs is given in Table 3.1.
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TABLE 3.1 - Model Input Parameters
PEAT 1
Thickness (M)
k(m 2
e
0 M s
a ( 2)~V ins
RD 3
E.T. (M/s)
PEAT 2
Thickness-
RUN #1
0.4
9.6x10 14
0.852
RUN #2
0.4
9. 6x10~ 41
0.852
5.9x102 5.9x102
3.6x10-5
1.30
6.94x10-8
1.1
2. 7x10~1
0.820
RUN #3
0.4
9.6x10~4
1.22
5.9x102
3.6x10-5 7.4x10-5
1.30
0.0
1.30
6.94x10-8
1.1
2. 7x10 11
0.820
2.8x103 2.8x103
1.1
2. 7x10
6.60
2.8x103
7.6x10-6 7.6x10-6 6.2x10-5
1.30
0.0E.T.
1.30
0.0
1.30
0.0
RUN #4
0.4
7.4x10- 3
1.22
4.9x10 2
8.9x10-5
1.24
3.68x10-8
0.9
6.6x10-12
6.60
2.0x103
8.9x10-5
1.24
0.0
RUN #5
0.4
9.6x10~4
0.852
5.9 102
3.6x10-5
1.30
*
1.1
2. 7x10 1
0.820
2.8x103
7.6x10-6
1.30
0.0
PEAT 3
Thickness 0.3
1. 8x10 14
0.808
0.3
1. 8x1o 14
0.808
4.9x10 3 4.9x103
0.3
1. 8x10~14
0.620
4. 9x10 3
0.5
.8x10-12
0.620
8.6x103
4.3x10-6 4.3x10- 6 8.9x10~7 1.2x10-6
1.30
0.0E.T.
1.30
0.0
1.30
0.0
1.24
0.0
0.3
1. 8x101 4
0.808
4.9x10 3
4.3x10- 6
1.30
0.0
* See Figure 3.11 for evapotranspiration input function.
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3.5 Model Results and Discussion
3.5.1 Quasi-Steady-State Simulations
Figure 3.9 consists of plots of quasi-steady-state
piezometric head vs. depth at low and at high tide for runs #1-4.
Run #1 (Fig. 3.9a) demonstrates the existence of an asymmetrical
head gradient over a tidal cycle at the base of the model peat
column. A comparison of runs #1 and #2 (plots 3.9a and 3.9b)
shows the effect of evapotranspiration on the piezometric head
distribution. A decrease of evapotranspiration from 0.6 cm/day
to 0 shifts the piezometric head up by approximately 12.5 cm
at mid-depth. In addition, the asymmetry mentioned above is
removed with the removal of evapotranspiration. Since the
reciprocal of the slope of the piezometric head vs. depth curve
is proportional to the actual subsurface water flow (assuming k is
constant) comparison of runs #1, 2, and 3 (Figs. 3.9a, 3.9b, and
3.9c) demonstrates the role of evapotranspiration in driving a net
upward flow of water from the sand to the peat over a tidal cycle.
Run #4 was designed to demonstrate the system's sensitiv-
ity to changes in the permeability structure of the peat column.
In this run the middle peat zone has a lower permeability and the
deep zone a much higher permeability than the previous runs.
Figure 3.9d is a plot of quasi-s-teady-state piezometric head vs.
depth for this simulation. The differences between this run and
the ones preceding are striking. While the inclusion of evapo-
transpiration resulted in a gradient asymmetry in runs #1 and #3
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this is not evident in the head variation of run 14. (Note
that the evapotranspiration used for run #4 was 0.3 cm/day, not
the 0.6 cm/day used in runs- #1-3.) In addition, the gradients
of head with depth-are lower in the bottom peat zone and higher
in the upper peat zones than in the previous runs. As a result,
run #4 (Fig. 3.9d) shows greatly increased vertical flow at mid-
depth. In this situation of higher permeability near the peat/sand
interface, the flow alternates in direction over the tidal cycle.
The amplitude of the alternating component of flow appears to be
substantially greater than the magnitude of the net upward
flow which satisfies evapotranspiration.
Another interesting feature of Figures 3.9a and 3.9b
is the apparent lag of the piezometric head in peat #1 and peat #2.
The piezometric head at low tide is approximately 1.0 cm greater
than the head at high tide in the peat layers above the sand. A
lag is also evident in the results of run #3 (Fig. 3.9c) in
which the low tide piezometric head is 5 mn greater than the
high tide piezometric head at mid-depth. Run #3 differs from
run #1 only in its void ratio and compressibility properties.
Figure 3.10 consists of plots of simulated piezometric
head vs. time at the top (node 1), middle (node 8), and bottom
(node 15) of the model peat column for runs #1-4. The left
vertical scale gives the depth in meters while the right vertical
scale is a measure of the piezometric head in meters at the
indicated depth (note the breaks in this scale). The horizontal
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scale represents one tidal cycle given in hours. In addition to
the simulated piezometric heads for run #1 Figure 3.10a includes
the in situ measurements of piezometric head at mid-depth and in
the sand beneath the peat at Great Sippewissett Salt Marsh for
comparison. The simulated piezometric head curve at node 15 is
actually the numerical forcing function which was used for each
run. This is an approximation since it is a sinusoid while the
actual curve upon which it was based is more peaked (see Fig. 3.6
and/or 3.10a).
Comparison of the head simulations at node 1 and node 8
with the head simulations at node 15 for runs #1-3 gives another
demonstration of the phase lag in the piezometric head fluctuations.
However, it should be pointed out that the field measurements are
accurate to within - 1 cm. Since the simulated tidal fluctuations
in the peat at mid-depth are approximately 1 cm this predicted
phase lag can neither be verified nor disproved by this field data.
Run #4 (Fig. 3.10d) fails to exhibit the phase lag,
and the amplitude of head fluctuation at mid-depth is greatly
increased over runs #1-3. Whereas there is very little (< 1 cm)
fluctuation in the simulated piezometric head over a tidal cycle
at nodes 1 and 8 in run #3 (Fig. 3.10c), run #4 shows approximately
12 cm of head variation between high and low tide at node 8 and
a 1 cm variation at node 1. Together with runs #1 and 2 this
suggests that the permeability properties of the peat column are
indeed important in determining the flow through this system.
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Of the four simulations, runs #1 and #3 (Figs. 3.10a
and 3.10c, respectively) most accurately simulate the measured
piezometric head. This suggests that the value of 0.6 cm/day
used for evapotranspiration, the other peat property inputs for
these runs, and the model itself may all be accurate enough to
simulate and hence predict actual marsh hydrologic phenomena at
locations far back from the creek in Great Sippewissett Salt Marsh.
It is also interesting to note that the quasi-steady-state
piezometric head predicted in run #3 is only a maximum of 7 imn
greater than that of run #1 suggesting that the system is not very
sensitive to the peat deformation input parameters.
The permeability values used in run #4 were obtained
through the averaging procedure described previously. While
these values do not represent a real salt marsh station they are
similar to some creek bank locations in Great Sippewissett Salt
Marsh. It should be noted, however, that the results of this run
may not be considered realistic as a model of what happens in
Sippewissett creek bank locations because of the 1-dimensional
nature of the conceptualization. The numerical simulation presented
in this chapter is a realistic model of groundwater flow at
locations far from the creek bank only.
3.5.2 Transient Simulation
The sensitivity of the quasi-steady-state piezometric
head in the peat to changes in the magnitude of the imposed evapo-
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transpiration and the relatively small influence of the tidal
fluctuation as simulated in runs #1-3 suggest that evapotrans-
piration may be the dominant phenomenon which governs water flow
in the peat at locations far from the creek bank.
Evapotranspiration is a process which is highly
dependent upon climatic conditions. As such, one would expect
the magnitude of this flux to vary on a daily basis. In situ
piezometric heads were recorded for 1 hour on July 19, 4 hours
on July 20, and 12 hours each on July 21 and 22. Local climato-
logical data suggests that increased rates of evapotranspiration
were possible during these 4 days relative to the preceding week.
Data from West Falmouth, Rochester, and Boston, Ma. (L.C.D., 1980)
shows that more precipitation occurred, the relative humidity
was higher, and the temperature was lower on July 18 than on
the following 4 days. In addition, at the time of these measure-
ments the tidal heights were at their neap levels. The tide
height was 0.85 m to 0.94 m at nearby Newport (Eldridge Tide and
Pilot Book, 1980) and the study site (15 meters from the creek
bank) was not flooded at high tide. However, during the period
of 1-2 weeks prior to the head measurements spring tides occurred.
Tidal height at Newport during the preceding week was 1.04 m to
1.16 m. Under these conditions the study site is flooded at high
tide. (Flooding was observed during the next spring tides when we
were on the site). It should also be noted that th-e high tides
during this week occurred from early to late morning, an ideal
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time to suppress evapotranspiration. While the magnitude of
infiltration over a tidal cycle has been measured to be < 5 mm
(Burke et al., in review) small amounts of groundwater
recharge may occur through this pathway. However, another
possible mechanism for the regulation of piezometric head is
the reduced amount of groundwater lost via evapo transpiration
when the marsh is flooded. Clearly, this flux goes to zero when
the plants are submerged. According to Viessman et al. (1977)
transpiration follows a diurnal cycle which approximates light
intensity. One might therefore expect that in a system in which
there is no deficiency of water in the soil for the vegetation,
flooding near mid-day may possibly maximize the reduction of water
volume lost via this mechanism.
Given the ab.ove environmental factors one would expect
a net increase in the water lost from the system through evapo-
transpiration on July 19, 20, 21, 22 resulting in a decline of
piezometric head in the peat column over these days. Runs #1-3
suggest that an increase in the rate of evapotranspiration would
result in a monotonic decrease in piezometric head with time as
it approaches the quasi-steady-state result. Run #5 is an attempt
to crudely model this hypothesized head decline in response to an
increase in evapotranspiration.
The piezometric head in the simulated peat column was
first allowed to reach quasi-steady-state under the conditions of
run #2, i.e. no evapotranspiration flux. The resultant head
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distribution at low tide was then utilized as the initial condition
for run #5. See Table 1 for the input parameters used in this run.
A diurnally varying function was then imposed at time = 0
to simulate evapotranspiration. The maximum flux rate was set
at 1.2 cm/day which.was based on mid-day evaporative heat loss
data from the Great Sippewissett Salt Marsh (Teal and Kanwisher,
1970). Jensen et al. (1974) reports that the average daily
potential evapotranspiration (measured) for alfalfa during the
month of July is 0.8 cm/day. From this information an estimated
evapotranspiration function was created with a maximum of 1.2 cm/day
occurring at mid-day and a minimum of 0.4 cm/day occurring at
midnight, the daily average of which is 0.8 cm/day. This time
varying flux was distributed over the root zone of the model peat
column (the top 4 nodes) in the following proportions given by
Bouwer (1978):
- 40% from the top 1/4 of the root zone
30% from the 2nd 1/4 of the root zone
20% from the 3rd 1/4 of the root zone
10% from the 4th 1/4 of the root zone
The model was allowed to run with this evapotranspiration function
and all other properties the same as runs #1 and 2 (see Table 1)
for the model equivalent of 4 days. The results were then
compared with the piezometric head recorded in the field over
July 19, 20, 21, and 22 (see Figure 3.11).
Figure 3.11 presents the field measurement of piezometric
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head vs. time at mid-depth.in the peat column. The error bars
represent an uncertainty inherent in these measurements of - 1 cm.
The dashed lines indicate times when the piezometric head was
not recorded. Piezometric head was never measured at night (note
the break in the scale between days). Included on July 20 is the
measured well response to a rate of fall test. Water was poured
into the piezometer well and the piezometric head was monitored
as the hydrostatic pressure in the bore hole approached equal-
ization with the hydrostatic pressure in the surrounding soil.
The time that it takes for 90 to 99% of the original pressure
difference to be eliminated is called the practical hydrostatic
time-lag (Hvorslev, 1949). Figure 3.11 clearly shows that the
time-lag associated with this piezometer is of the order of 30 mins.
It may be concluded therefore that the piezometric head decline
is a real phenomenon and not simply an artifact of the measurement
technique.
The results of run #5 are plotted on Figure 3.11 for
comparison with the measured piezometric head. This is a plot
of simulated piezometric head vs. time in the model peat column
(node 8). This comparison clearly supports the hypothesis that
the piezometric head at locations far from the creek is dominated
by evapotranspiration. Overnigh.t rates of piezometric head decline
in both the measured and the modeled case are substantially lower
than daytime rates of decline during this warm, sunny four-day
interval. In the model output the small (< 1 cm) tidal influence
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can also be seen; in the field the tidal influence is of the
order of the uncertainty and is not clearly evident at all.
It is observed that the absolute piezometric heads do
not correspond initially. This may be due to the fact that the
model neglects any groundwater recharge at the marsh surface.
The elevated piezometric head measured on July 19 may be a result
of increased water storage in the peat via precipitation or very
small amounts of tidal infiltration (perhaps 1 or 2 mm at most
per tidal cycle) during the period of spring tides. (Note that
1 mm of infiltration changes water table height by 2 cm where
specific yield is 5%). It should be pointed out, however, that
no attempt was made to "fit" the model results to the data. Given
the many assumptions and approximations inherent in this simulation,
not the least of which was the evapotranspiration function, the
agreement between the model output and the data is extremely good.
It is instructive to examine the peat property assumptions
made earlier for want of laboratory data to see if any are likely
sources of error. Figure 3.12 is a plot of pressure head vs.
depth at low and high tide for run #1. This run was presented
because it had the lowest pressure head values of all of the runs.
It can be seen from this plot that while the pressure head became
negative in peat #1 it never dropped below the air entry value
indicating that the peat remained saturated over the entire tidal
cycle. Bishop's parameter, X, was assigned a value of 1.0 based
on the assumption that the peat would remain saturated. It now
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appears that this assumption is, a valid one.
It was also assumed that volume changes of the peat over
a tidal cycle would be too small to effect any substantial
permeability changes. Calculations of the volume change in the
peat column between high and low tide produce the following
results: The volume changes for runs #1, #2, #3, and #4
are 4.4 x 10 4 m 3 , 3.2 x 104 m 3, 6.4 x 10 5 m 3 , and 1.5 x 10 2 m3
respectively. All 4 of the simulated peat columns exhibited a
decrease in volume in going from a high tide to a low tide
situation. It appears that the assumption of small volume
-2 3
change is valid for runs 1-3. However, the 1.5 x 10 m volume
change for run #4 represents a rise and fall of the peat surface
of 1.5 cm over a tidal cycle. This is quite large and suggests
that for run #4 permeability should be input as a function of
effective stress.
3.6 Model Conclusions
The close agreement between the model simulations and
field measurements on the nature of the salt marsh response
to tidal, groundwater, and evapotranspirational influences is
encouraging. It appears that this combined model and field study
approach may be a useful tool in further refining our understanding
of subsurface flow in the salt marsh, and that it may be profitably
extended to the 2-dimensional situation to investigate creek
bank effects. It should be noted, however, that the power of
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the model is limited by the accuracy of its input parameters
as was demonstrated by the sensitivity of the system to changes
in permeability.
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Summary and Conclusions
The following conclus-ions regarding subsurface flow
in salt marshes may be drawn from this study of the hydraulic
properties of salt marsh peat:
1) Far from the creek bank in the Great Sippewissett
Salt Marsh there appears to exist a 3 zone hydraulic conductivity
structure in the peat. This consists of a surface zone of low
conductivity corresponding approximately to the root zone, a zone
of significantly higher conduc-tivity extending almost to the under-
lying inorganic sediment, and a zone of low conductivity at the
transition between the inorganic sediment and the peat. While
this structure is observed in the Great Sippewissett Salt Marsh it
is not observed in the Ebben's Creek Marsh. One may therefore
conclude that it is not a phenomenon which is characteristic of
all salt marshes but one which is dependent on the details of peat
deposition.
2) Within 1 to 2 meters from the creek the 3 zone hydraulic
conductivity structure does not exist. This is perhaps due to bio-
turbation as well as direct creek influence in the form of erosion
and deposition.
3) Since the hydraulic conductivity is positively cor-
related with specific yield and negatively correlated with density
it appears that the degree of decomposition as it relates to pore
size may be very influential in determining the hydraulic conduct-
ivity of peat. In addition, it appears that small amounts of
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fine grained inorganic material within the peat may serve to reduce
the hydraulic conductivity by acting as a clogging mechanism.
4) Salt marsh peat is both heterogeneous and aniso-
tropic. The degree of anisotropy in hydraulic conductivity appears
to depend in part on the occurrence of lenses of relatively
impermeable material such as clay within the peat profile. Due
to the heterogeneous- nature of salt marsh peat detailed knowledge
of the permeability structure appears to be one of the most
critical data needs in the study of salt marsh subsurface flow.
It has been widely believed that the flow through salt
marshes is dominated by infiltration and lateral movement to the
creeks. Results produced by this field and model study suggest a
different pathway for much of the interior marsh - one in which
there is a net flux of water up into the peat from the sandy aquifer
beneath the marsh. On the basis of the 1-dimensional model study
and corresponding piezometric head measurements in the Great
Sippewissett Marsh, several general inferences regarding subsurface
flow in salt marshes may be made:
1) It appears that the interior regions of salt marshes
can be relatively stagnant hydraulically. S-ubsurface flow- may often
be dominated by changes in piezometric head due to evapotrans-
piration resulting in an upward flow of groundwater. This is of
considerable significance in view of the role nitrate in groundwater
is believed to have in the nitrogen budget of the Sippewissett
Marsh (Valiela et al., 1978). This also suggests that other
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dis.solved subs.tances (toxi-c or otherwise) may be trans.ported to the
root zone and may- accumulate there in the absence of appreciable
tidal flushing. In addition, evapotranspiration may provide a means
of concentrating salt at the surface resulting in the observed
salinity gradient with depth.
2) Tidal influence in interior regions of marshes where
an underlying sandy aquifer exists may be primarily transmitted
to the peat by tidal variations in head in the aquifer. Where
the peat to aquifer transition zone has high enough permeability,
it appears that a 2-way tidally-driven exchange of water between
peat and aquifer can occur. The peat permeability data suggests
that tidally-driven subsurface flow in interior regions of a marsh
may or may not be greater in magnitude than evapotranspiration,
depending on site. Surface flooding under tidal action may exert
its greatest effect through the suppression of evapotranspiration,
and to a lesser degree through very slight surface seepage.
3) The description of permeability as a function of
effective stress may be necessary where marsh "breathing" is
significant.
4) Air entry into the bulk of marsh peat seems unlikely
to occur in the absence of macroscopic channels. This should be
verified using laboratory tests which reproduce negative pore
pressures predicted for surface peat. However, even though bulk
peat may remain saturated, the negative pore pressures will favor
air entrance into larger passages created by macrophyte structures
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or animals.
5) Peat near the creek banks is not hydraulically
dominated by vertical flow. Complex 2-dimensional flow must occur
in a transition region along creek banks. It appears that this
critical region can be studied effectively using the combined model
and field study approach by extending the numerical model to two
dimensions, adequately estimating horizontal hydraulic conduct-
ivities, and monitoring piezometric head near the creek banks.
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Appendix A
Sippewissett Salt Marsh - Peat Core Data
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TABLE A-1 - Sippewissett Peat Core Analysis
Depth DAS K
Station (M) (M) (cm/sec) Log K RD S H 2*
STAlEW 0.11 0.35 0.00048 -3.3188 1.02
0.19 0.27 0.00110 -2.9586 1.07
0.33 0.13 0.00032 -3.4949 1.05
0.41 0.05 0.00027 -3.5686 1.19
0.46 0.00 0.00033 -3.4815 1.50
STA2EW 0.076 0.994 0.000051 -4.2924 1.09 . Y
0.229 0.841 0.000940 -3.0269 1.02 0.064 N
0.368 0.702 0.000170 -3.7696 1.02 0.032 N
0.460 0.610 0.001300 -2.8861 0.94 . N
0.560 0.510 0.001500 -2.8239 1.01 . N
0.640 0.430 0.000210 -3.6778 1.30 . N
0.710 0.360 0.000049 -4.3098 1.60 . N
0.760 0.310 0.000055 -4.2596 1.56 . N
0.990 0.080 0.000110 -3.9586 . 0.100 N
1.070 0.000 0.000110 -3.9586 1.56 . N
STA3EW 0.10 1.17 . .
0.17 1.10 0.0049 -2.3098 . 0.044 Y
0.46 0.81 0.0064 -2.1938 1.08 0.090 Y
0.74 0.53 0.0140 -1.8539 . 0.064 Y
1.07 0.20 0.0097 -2.0132 0.98 0.053 Y
1.27 0.00 0.0044 -2.3565 . 0.026 N
STA4EW 0.200 1.210 0.000170 -3.7696 .
0.400 1.010 0.002100 -2.6778 .
0.600 0.810 0.002400 -2.6198 0.93 .
0.972 0.438 0.000340 -3.4685 1.14 .
1.070 0.340 0.000120 -3.9208 . .
1.220 0.190 0.000011 -4.9586 1.10 . N
1.300 0.110 0.000032 -4.4949 1.14 . N
1.410 0.000 0.000120 -3.9208 1.33 .
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-4.9208
-3.6990
-2.5229
-1.4089
-1.7959
-2.3768
-1.4685
-2.2366
-2.0223
-2.4949
-2.5086
-3.0088
-3.1367
-3.5528
-2.3468
-2.3098
-2.6990
1.38
2.30
1.35
1.50
1.04
1.10
0.94
1.18
1.15
1.18
1.53
0.023
0.061
0.033 Y
Y
0.010 Y
0.019 Y
0.076 N
0.087 Y
0.061 Y
0.058 Y
0.171 N
0.058 N
0.141 N
1.15 0.028
0.020
0.98 0.120
0.58 0.110
1.39 0.130
1.55 0.090
0.130
1.87 0.040
1.84 0.100
1.24
1.21
0.037
0.161
0.173
0.039
0.045
0.031
1.52 0.118
0.028
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Station
Depth
(M)
DAS
(M)
K
(cm/sec) Log K
RD S H2S*
STA4NS
STA5NS
STA6NS
0.230
0.622
0.737
0.864
0.089
0.171
0.267
0.700
0.940
1.170
1.940
0.229
0.457
0.965
1.070
1.700
1.840
2.010
2.170
STA7ANS 0.216
0.457
0.584
0.749
0.889
STA7BNS 0.229
0.457
0.597
0.749
0.889
1.050
0.634
0.242
0.127
0.000
1.851
1.769
1.673
1.240
1.000
0.770
0.000
1.941
1.713
1.205
1.100
0.470
0.330
0.160
.0.000
0.673
0.432
0.305
0.140
0.000
0.821
0.593
0.453
0.301
0.161
0.000
0.0017
0.0058
0.0089
0.0024
0.0000073
0.0000460
0.0000590
0.0034000
0.0002700
0.0031000
0.0030000
0.00084
0.00008
0.00410
0.00220
0.05600
0.01200
0.01900
0.00390
0.0013
0.0010
0.0014
0.0018
0.0011
0.00023
0.00170
0.00072
0.00038
0.00011
0.00380
-2.7696
-2.2366
-2.0506
-2.6198
-5.1367
-4.3372
-4.2291
-2.4685
-3.5686
-2.5086
-2.5229
-3.0757
-4.0969
-2.3872
-2.6576
-1.2518
-1.9208
-1.7212
-2.4089
-2.8861
-3.0000
-2.8539
-2.7447
-2.9586
-3.6383
-2.7696
-3.1427
-3.4202
-3.9586
-2.4202
1.09
1.18
1.15
1.41
1.01
1.25
1.10
1.16
1.20
0.89
1.03
1.11
1.13
0.96
0.94
1.05
1.61
0.97
0.99
1.31
1.29
1.06
1.03
1.09
1.12
1.18
0.030
0.113
0.080
0.090
0.023
0.019
0.022
0.058
0.010
0.109
0.049
0.028 Y
N
N
N
N
N
N
N
0.013
0.058
0.073
0.018 N
N
N
N
N
0.023 N
* Y indicates the presence of reduced sulfur gases.
N indicates that the presence of reduced sulfur gases was not detected.
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Station
Depth
(M)
DAS
(M)
K
(cm/sec) Log K
TABLE A-2 - Zone Averaged Peat Properties
SIPPEWISSETT SURFACE ZONE PROPERTIES
Depth Log K
Station (M) (cm/sec) RD DFC(m) GH(m)
STAlEW 0.330 -3.3468 1.05 19.8 0.25
STA2EW 0.368 -3.8239 1.04 4.9 0.20
STA3EW 0.460 -2.2441 1.08 3.0 0.15
STA4EW 0.200 -3.7696 . 3.8 0.40
STA5EW 0.430 -3.7212 1.11 5.8 0.20
STA6EW 0.290 -4.0000 1.12 1.5 0.20
STA7EW 0.330 -1.2218 0.88 16.7
STA8EW 0.360 -2.7447 1.19 30.5 0.10
STAOHM 0.381 -3.4202 1.05 .
STAlNS 0.356 -4.4318 1.10 1.0 0.35
STA2NS 0.279 -5.2007 1.63 14.0 0.25
STA3ANS 0.330 -5.0223 1.07 4.0 0.30
STA3BNS 0.394 -4.6021 .1.15 3.0 0.35
STA3CNS 0.200 -2.5086 1.23 1.0 0.35
STA4NS 0.230 -2.7696 1.09 5.0 0.35
STA5NS 0.267 -4.7696 1.12 2.5 0.55
STA6NS 0.457 -3.8239 0.96 2.0 0.70
STA7ANS 0.216 -2.8861 0.97 5.0 0.35
STA7BNS 0.457 -3.3979 1.05 3.0 0.25
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SIPPEWISSETT MEDIUM ZONE PROPERTIES
Station
STAlEW
STA2EW
STA3EW
STA4EW
STA5EW
STA6EW
STA7EW
STA8EW
STAOHII
STAlNS
STA2NS
STA3ANS
STA3BNS
STA3CNS
STA4NS
STA5NS
STA6NS
STA7ANS
STA7BNS
Depth
(M)
0.460
0.640
1.070
0.972
2.470
1.500
1.020
0.560
0.610
0.445
0.965
2.220
1.450
0.864
0.700
2.010
0.889
0.889
Log K
(cm/sec)
-3.5376
-3.2840
-1.9586
-3.2147
-1.4559
-1.7447
-1.2147
-2.8239
-3.7696
-2.9208
-2.7959
-1.9586
-3.1938
-2.3189
-2.4685
-2.1192
-2.9208
-3.6383
DFC(m)
19.8
4.9
3.0
3.8
5.8
1.5
16.7
30.5
RD
1.35
1.08
0.98
1.04
1.12
1.06
0.94
1.49
0.94
1.37
1.25
1.16
1.04
1.20
1.13
GH (m)
0.25
0.20
0.15
0.40
0.20
0.20
0.10
0.35
0.25
0.30
0.35
0.35
0.35
0.55
0.70
0.35
0.25
1.0
14.0
4.0
3.0
1.0
5.0
2.5
2.0 -
5.0
3.0
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SIPPEWISSETT DEEP ZONE PROPERTIES
Station
STAlEW
STA2EW
STA3EW
STA4EW
STA5EW
STA6EW
STA7EW
STA8EW
STAOHM
STAlNS
STA2NS
STA3ANS
STA3BNS
STA3CNS
STA4NS
STA5NS
STA6NS
STA7ANS
STA7BNS
Depth
(M)
0.990
1.300
1.680
1.230
0.597
0.660
0.610
1.360
2.100
0.940
Log Kd
(cm/sec)
-4.1024
-4.7212
-5.0655
-2.2366
-3.8239
-3.8239
-4.9208
-1.9208
-2.3279
-3.5686
RD d DFC(m)
19 .8
1.58
1.12
1.72
1.29
1.76
1.78
1.17
1.52
1.20
4.9
3.0
3.8
5.8
1.5
16.7
30.5
.0
1.0
14.0
4.0
3.0
1.0
5.0
2.5
2.0
5.0
3.0
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SIPPEWISSETT
Station
STAlEW
STA2EW
STA3EW
S TA4EW
STA5EW
STA6EW
STA7EW
STA8EW
STAOHM
STAlNS
STA2NS
STA3ANS
STA3BNS
STA3CNS
STA4NS
STA5NS
STA6NS
STA7ANS
STA7BNS
SAND ZONE PROPERTIES
Depth Log K
(M) (cm/sec)
1.07
1.27
1.41
1.73
1.47
0.66
0.76
0.84
2.24
2.37
2.34
1.94
2.35
1.05
1.05
-3.9586
-2.3565
-3.9208
-5.2076
-3.0132
-3.8539
-4.60 21
-4.3188
-2.1739
-2.9586
-2.6990
-2.5229
-3.8539
-1. 9586
-2.4202
RDsd
1.56
1.33
2.19
1.30
1.73
1.75
1.85
1.74
1.58
1.76
DFC(m)
19.8
4.9
3.0
3.8
5.8
1.5
16.7
30.5
1.0
14.0
4.0
3.0
1.0
5.0
2.5
2.0
5.0
3.0
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Appendix B
Ebben's Creek Salt Marsh - Peat Core Data
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APPENDIX B - Ebben's Creek Peat Core Analysis
Depth
(M)
DAS
(M)
K
(cm/sec) Log K RD S
STAlNSH 0.064
0.150
0.250
0.470
0.629
0.768
0.940
1.110
1.260
1.470
STA2NSH 0.127
0.229
0.381
0.470.
0.572
0.749
0.889
1.041
1.190
1.320
1.510
1.630
1.780
1.820
1.960
2.100
2.220
2.350
2.620
2.780
2.910
3.040
3.160
1.406
1.320
1.220
1.000
0.841
0.702
0.530
0.360
0.210
0.000
3.033
2.931
2.779
2.690
2.588
2.411
2.271
2.119
1.970
1.840
1.650
1.530
1.380
1.340
1.200
1.060
0.940
0.810
0.540
0.380
0.250
0.120
0.000
0.000086
0.000072
0.001700
0.000150
0.000450
0.000240
0.000130
0.000680
0.000034
0.000210
0.000210
0.000360
0.000210
0.000250
0.000063
0.000058
0.000016
0.000059
0.000320
0.000890
0.006500
0.031000
0.018000
0.005500
0.003500
0.001300
0.002400
0.000100
-4.0655
-4.1427
-2.7696
-3.8239
-3.3468
-3.6198
-3.8861
-3.1675
-4.4685
-3.6778
-3.6778
-3.4437
-3.6778
-3.6021
-4.2007
-4.2366
-4.7959
-4.2291
-3.4949
-3.0506
-2.1871
-1.5086
-1.7447
-2.2596
-2.4559
-2.8861
-2.6198
-4.0000
1.31
1.20
1.11
1.05
1.08
1.10
1.07
1.08
1.09
1.50
1.05
1.18
1.15
1.16
1.23
1.17
1.13
1.09
1.05
1.08
0.99
1.04
1.03
1.07
1.10
1.16
1.11
1.00
0.99
1.17
1.15
1.14
1.09
0.083 Y
0.011 N
0.077 N
N
. N
. N
N
N
N
0.064 N
0.041
0.043
0.031
0.031
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Station H 2S
Station
Depth
(M)
STA3NSH 0.178
0.419
0.597
0.737
0.889
1.080
1.270
1.420
1.550
1.66
1.77
1.87
1.98
2.13
2.29
2.41
2.57
2.72
2.86
3.00
3.11
3.24
3.39
3.52
3.67
3.84
3.95
4.07
4.19
4.32
DAS
(M)
4.142
3.901
3.723
3.583
3.431
3.240
3.050
2.900
2.770
2.66
2.55
2.45
2.34
2.19
2.03
1.91
1.75
1.60
1.46
1.32
1.21
1.08
0.93
0.80
0.65
0.48
0.37
0.25
0.13
K
(cm/sec)
0.001300
0.000320
0.000160
0.000079
0.000740
0.000220
0.000130
0.001600
0.001500
0.000200
0.000460
0.001800
0.001700
0.000840
0.011000
0.009700
0.003200
0.002800
0.001300
0.000470
0.012000
0.022000
0.020000
0.030000
0.061000
0.021000
0.000460
0.000220
0.002100
0.00 0.000061
Log K
-2.8861
-3.4949
-3.7959
-4.1024
-3.1308
-3.6576
-3.8861
-2.7959
-2.-8239
-3.6990
-3.3372
-2.7447
-2.7696
-3.0757
-1.9586
-2.0132
-2.4949
-2.5528
-2.8861
-3.3279
-1.9208
-1.6576
-1.6990
-1.5229
-1.2147
-1.6778
-3.3372
-3.6576
-2.6778
RD S
1.11
1.06
1.12
1.20
1.10
1.07
1.07
1.08
1.08
1.14
1.12
1.12
1.08
1.06
1.06
1.07
1.06
1.08
1.09
1.11
1.13
1.15
1.06
1.23
1.07
1.04
1.18
1.12
1.12
H 2*
0.065 Y
Y
N
N
0.029 N
0.020 N
0.090 N
0.038 N
0.028 N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
-4.2147 1.09
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I
Station
Depth
(M)
STA4NSH 0.178
0.318
0.470
0.673
0.813
0.902
1.030
1.210
1.340
1.420
1.680
1.770
1.910
2.040
2.150
2.250
STA5NSH 0.20
0.36
0.51
0.80
0.94
1.05
1.16
1.32
1.42
1.52
1.65
1.83
STA6NSH 0.191
0.648
0.787
0.940
1.610
DAS
(M)
2.072
1.932
1.780
1.577
1.437
1.348
1.220
1.040
0.910
0.830
0.570
0.480
0.340
0.210
0.100
0.000
1.63
1.47
1.32
1.03
0.89
0.78
0.67
0.51
0.41
0.31
0.18
0.00
3.649
3.192
3.053
2.900
2.230
K
(cm/sec)
0.0000740
0.0017000
0.0002800
0.0090000
0.0017000
0.0004400
0.0004300
0.0001500
0.0000480
0.0001900
0.0000440
0.0000310
0.0000025
0.0130000
0.0024000
0.0001700
0.00001000
0.00039000
0.00700000
0.00002600
0.00003500
0.00000510
0.00001600
0.00000560
0.000000 41
0.00000037
0.00000110
0.0000081
0.0000460
0.0000054
0.0000500
0.0002000
Log K
-4.1308
-2.7696
-3.5528
-2.0458
-2.7696
-3.3565
-3.3665
-3.8239
-4.3188
-3.7212
-4.3565
-4.5086
-5.6021
-1.8861
-2.6198
-3.7696
-5.0000
-3.4089
-2.1549
-4.5850
-4.4559
-5.2924
-4.7959
-5.2518
-6.3872
-6.4818
-5.9586
-5.0915
-4.3372
-5.2676
-4.3010
-3.6990
RD S
1.12
1.30
1.29
1.13
1.08
1.04
1.19
1.10
1.10
1.10
1.07
1.10
1.20
1.06
1.36
1.31
1.21
1.22
1.39
1.17
1.17
1.28
1.18
1.19
1.28
1.41
1.31
1.33
H2
0.063
0.098
Y
0.035 N
0.124 N
N
N
N
0.136 N
N
N
N
N
0.003 N
1.03 0.018
0.023
1.13 0.008
1.09 0.055
1.02
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DAS K
(M) (cm/sec) Log K RD S H{2S
STA6NSH 1.740
1.940
2.060
2.170
2.270
2.410
2.570
2.670
2.810
2.930
3.020
3.120
3.230
3.350
3.480
3.630
3.840
2.100
1.900
1.780
1.670
1.570
1.430
1.270
1.170
1.030
0.910
0.820
0.720
0.610
0.490
0.360
0.210
0.000
0.0001600
0.0024000
0.0002000
0.0008900
0.0001800
0.0000620
0.0003400
0.0001300
0.0000530
0.0005900
0.0008500
0.0014000
0.0001000
0.0000094
0.0000360
0.0000170
0.0000970
* Y indicates the presence of reduced sulfur gases.
N indicates that the presence of reduced sulfur gases was not detected.
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Station
Depth
(M)
-3.7959
-2.6198
-3.6990
-3.0506
-3.8861
-4.2076
-3.4685
-3.8861
-4.2757
-3.2291
-3.0706
-2.8539
-4.0000
-5.0269
-4.4437
-4.7696
-4.0132
1.05
1.04
1.02
1.08
1.09
1.02
1.10
1.05
1.11
1.09
1.04
1.17
1.12
1.26
1.10
1.01
1.09
Appendix C
In Situ Hydraulic Conductivity Test and Salinity Data
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APPENDIX C - In Situ Hydraulic Conductivity Test Analysis and Salinity Data
HK(cm/sec)
0.00220
0.000019
0.00019
Log HK
-2.6576
-4.7212
-3.7212
AK(cm/sec)
0.002200
0.000089
0.00019
Log AK
-2.6576
-4.0506
-3.7212
FK(cm/sec)
0.00100
0.00061
0.00027
0.000056
0.000260
Sippewisset
STAlNS
STA2NS
STA3ANS
t North-South Transect
0.3 0.000024
0.6 0.000025
0.9 0.000037
0.3 0.0000072
0.3 0.0000073
0.6 0.0009500
0.9 0.0025000
1.2 0.0160000
1.5 0.0059000
1.8 0.0230000
2.1 0.0130000
Station
STAlEW
STA4EW
STA5EW
Depth
(M)
0.3
0.6
0.3
0.6
0.9
1.2
0.3
0.6
Log FK
Salinity
(o/oo)
-3.0000
-3.2147
-3.5686
-4.2518
-3.5850
-4.6198
-4.6021
-4.4318
-5.1427
-5.1367
-3.0223
-2.6021
-1.7959
-2.2291
-1.6021
-1.8861
0.000052
0.000430
0.000140
0.000260
0.000011
0.000950
0.002600
0.023000
0.005900
0.025000
0.013000
-4.2840
-3.3665
-3.8539
-3.5850
-4.9586
-3.0223
-2.5850
-1.6383
-2.2291
-1.6021
-1.8861
0.000034
0.000340
0.000150
0.000260
0.000140
0.000500
0.000960
0.000230
0.000027
0.000015
0.000035
-4.4685
-3.4685
-3.8239
-3.5850
-3.8539
-3.3010
-3.0177
-3.6383
-4.5686
-4.8239
-4.4559
HK(cm/sec) Log HK AK(cm/sec) Log AK FK(cm/sec)
Sippewissett North-South Transect
STA3CNS 0.3 0.00310
0.6 .
0.9
1.2
1.5
1.8
2.1
0.00098
0.00073
0.00028
0.00450
0.00490
Ebben's Creek
STAlNSH 0.3
0.6
0.9
STA2NSH
1.2
0.3
0.6
0.9
1.2
1.5
1.8
2.1
2.4
0.000130
0.000230
0.000160
0.000069
0.000260
0.000130
0.000027
0.000100
0.001600
0.022000
0.002100
0.000190
-3.8861
-3.6383
-3.7959
-4.1612
-3.5850
-3.8861
-4.5686
-4.0000
-2.7959
-1.6576
-2.6778
-3.7212
0.00073
0.00031
0.00018
0.00038
0.000280
0.000180
0.000039
0.000190
0.003700
0.024000
0.002800
0.001200
-3.1367
-3.5086
-3.7447
-3.4202
-3.5528
-3.7447
-4.4089
-3.7212
-2.4318
-1.6198
-2.5528
-2.9208
0.000056
0.000240
0.000180
0.000027
0.0009300
0.0002900
0.0001400
0.0000430
0.0001200
0.0000960
0.0000120
0.0000052
Station
Depth
(m) Log FK
Salinity
(o/oo)
-2.5086
-3.0088
-3.1367
-3.5528
-2.3468
-2.3098
0.00320
0.00098
0.00073
0.00028
0.00450
0.00490
-2.4949
-3.0088
-3.1367
-3.5528
-2.3468
-2.3098
0.000350
0.030000
0.001800
0.000014
0.000021
0.000019
0.000100
-3.4559
-1.5229
-2.7447
-4.8539
-4.6778
-4.7212
-4.0000
-4.2518
-3.6198
-3.7447
-4.5686
-3.0315
-3.5376
-3.8539
-4.3665
-3.9208
-4.0177
-4.9208
-5.2840
HK(cm/sec) Log HK AK(cm/sec) Log AK FK(cm/sec)
STA3NSH
STA4NSH
0.3
0.6
0.9
1.2
1.5
1.8
2.1
2.4
0.6
0.9
1.2
1.5
1.8
2.1
0.6
0.9
1.2
0.00048
0.00016
0.00015
0.00016
0.00150
0.00028
0.00120
0.01000
0.0007400
0.0007300
0.0002100
0.0000670
0.0000370
0.0000062
0.0007900
0.0000300
0.0000051
-3.3188
-3.7959
-3.8239
-3.7959
-2.8239
-3.5528
-2.9208
-2.0000
-3.1308
-3.1367
-3.6778
-4.1739
-4.4318
-5.2076
-3.1024
-4.5229,
-5.2924
0.00075
0.00016
0.00042
0.00018
0.00150
0.00033
0.00140
0.01000
0.005900
0.001100
0.000270
0.000100
0.000038
0.004500
0.0039000
0.0000310
0.0000051
-5.9586 0.0000073 -5.1367
Station
Depth
(M) Log FK
Salinity
(0/oo)
-3.1249
-3.7959
-3.3768
-3.7447
-2.8239
-3.4815
-2.8539
-2.0000
-2.2291
-2.9586
-3.5686
-4.0000
-4.4202
-2.3468
-2.4089
-4.5086
-5.2924
STA5NSH
0.0002600
0.0001300
0.0001100
0.0000670
0.0000940
0.0000640
0.0000240
0.0000083
0.000130
0.000370
0.000150
0.000051
0.000072
0.000014
0.0009500
0.0002300
0.0000320
-3.5850
-3.8861
-3.9586
-4.1739
-4.0269
-4.1938
-4.6198
-5.0809
-3.8861
-3.4318
-3.8239
-4.2924
-4.1427
-4.8539
-3.0223
-3.6383
-4.4949
0.0000066 -5.18051.5 0.0000011
